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ABSTRACT
CONTROLLING SELECTIVITIES IN
HETEROGENEOUSLY CATALYZED ALDOL REACTIONS
SEPTEMBER 2019
KOUSHIK PONNURU
B.Tech., INDIAN INSTITUTE OF TECHNOLOGY (IIT-BHU) VARANASI, INDIA
M.S., UNIVERSITY AT BUFFALO, THE STATE UNIVERSITY OF NEW YORK
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Friederike Jentoft
Aldol condensation is an important C-C bond formation reaction in chemical synthesis that
finds versatile applications in bulk and fine chemical industries and has the potential for upgrading
of biomass to fuels. However, aldol reactions pose a challenge for controlling the product
selectivity by forming a mixture of desired and undesired self, cross, and poly-condensation
products. Furthermore, a side reaction, the fission of aldol products resulting in an olefin and a
carboxylic acid, has garnered attention recently as a route to isobutene from acetone. While a high
level of selectivity control is achievable by homogeneous catalysis, selective solid catalysts, which
would be more robust, facilitate separation and make aldol processes more sustainable, are lacking.
This thesis presents the factors that govern chemo- and regioselectivity in heterogeneously
catalyzed cross-aldol reactions.
Several families of catalysts were applied in liquid phase batch reactions to explore the effect
of materials properties and process conditions. The nature of the active site (strong/weak,
Brønsted/Lewis, acid/base), porosity (micro/meso), and hydrophobicity were systematically
varied. Soluble analogs were included for comparison.
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Regioselectivity was investigated using benzaldehyde and 2-butanone, which may form
branched (reaction at -CH2- of butanone) or linear (reaction at -CH3) addition and condensation
products. Product distributions analyzed at different conversions revealed that kinetics and
equilibria of the addition and dehydration steps govern regioselectivity. Solid acid (-SO3H
functionalized) catalysts favored the branched condensation product like their soluble analog. This
result is explained with fast dehydration catalyzed by the strong acid and regioselectivity control
through the preferred formation of the branched aldol. In the absence of strong acid sites (BEA
zeotypes), the linear condensation product predominated since dehydration of the respective aldol
is facile, consistent with the literature. Solid amine catalysts preferentially formed linear
condensation products as a consequence of the higher stability of the intermediate formed at the
less substituted methyl carbon.
A kinetic model was developed for the aldol condensation and fission of 3-pentanone and
benzaldehyde that accurately describes the trends in the experimental data and estimates reaction
orders and rate constants. Arrhenius analysis indicated a higher activation energy for fission (to βmethylstyrene and acetic acid) than for condensation explaining the increased fission selectivity at
higher reaction temperatures with a sulfonic acid functionalized MCM-41 catalyst. The high
fission selectivity observed with zeolites of different frameworks and proton densities can be
rationalized by hindered dehydration of the aldol owing to the antiperiplanar orientation required
for the E2 elimination mechanism.
These findings demonstrate that both regio- and chemoselectivity in solid-catalyzed aldol
reactions can be directed by tuning surface functionality and texture of catalyst materials and by
optimizing the reaction conditions.
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CHAPTER 1
1. INTRODUCTION
1.1. Introduction to aldol condensation, importance, and general motivation
Aldol reactions are versatile C-C bond formation reactions between two carbonyl compounds
such as aldehydes or ketones. The first reported aldol reaction was the acid or base catalyzed selfcondensation of acetaldehyde to form the corresponding aldol type product, namely 3hydroxybutyraldehyde [1].
Since then this reaction has been generalized to include many types of mixed condensation
reactions involving aldehydes or ketones. The key reaction steps involved in the aldol
condensation of an aldehyde and a ketone are: 1) Enolization at the α-carbon of the ketone, under

Scheme 1.1. Acid or base catalyzed aldol reaction scheme
the influence of an acid or a base through the abstraction of acidic proton in its α-position. 2)
Nucleophilic addition of the enolized ketone onto the electrophilic carbonyl carbon of the aldehyde
resulting in a new C—C bond being formed between the α-carbon of the ketone and the carbonyl
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carbon of the aldehyde to form a β-hydroxy aldehyde. 3) This reaction is usually followed by a
dehydration step to form an α,β-unsaturated carbonyl product. All the three steps shown in Scheme
1.1 can be catalyzed by acids or bases and are reversible and the equilibrium for the aldol reaction
can lie in the direction of reactants or products, depending on the reaction conditions and nature
of the aldehyde or ketone. If performed in a conventional fashion, using homogeneous catalysis
by strong acids or bases, the three steps of the aldol condensation, tautomerization, addition, and
dehydration, are thermodynamically controlled [2]. In general, for two molecules of the same
aldehyde, the equilibrium will be far on the product side whereas, for two molecules of the same
ketone, the equilibrium will be on the reactant side [3].
This method of C—C bond formation resulting in a simultaneous increase in the carbon chain
length and removal of oxygen in the form of water is very attractive for a variety of applications.
For example, higher alcohols and aldehydes are produced by aldol reactions (and subsequent
hydrogenation), mostly using liquid catalysts such as caustic soda or acetic acid [4]. Many
ingredients in the flavor and fragrance industry are produced via aldol reactions [5-8]. An emerging
application of aldol condensation is in upgrading of biomass-derived oxygenates into higher value
functionalized chemicals and fuels [9-12]. Biomass processing via pyrolysis, acid hydrolysis, or
fermentation yields a range of organic molecules containing alcohol, carbonyl and carboxylic
functionalities, typically in aqueous mixtures [10]. Ketones and aldehydes present in these
mixtures are prone to undergo acid- or base catalyzed aldol condensation, leading to C-C coupling.
Carboxylic acids, which are also present in substantial amounts in bio-crudes such as pyrolysis oil,
can also undergo aldol-type condensations. Aldol chemistry is thus key to increasing the chain
length and producing fuel-length molecules from small entities and to removing oxygen without
loss of carbon [10]. For instance, n-octane could be produced from the aldol condensation of
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furfural and acetone followed by hydrodeoxygenation [13]. Interestingly, aldol condensation can
also be an undesired secondary reaction that forms recalcitrant residues and impact the biomass
upgrading processes by lowering the yield of the desired products [10].
A further generalization of aldol chemistry includes a large number of other condensation
reactions involving carbonyl compounds such as Knoevenagel condensation of aldehydes or
ketones with malonic acid derivatives, the Henry reaction between nitroalkanes and aldehydes or
ketones, Michael addition of enolates of carbonyl compounds to α,β-unsaturated carbonyl
compounds to give 1,5-dicarbonyl compounds, Perkin reaction of aromatic aldehydes with
anhydrides to α,β unsaturated acids, and Darzen condensation of aldehydes or ketones with αhaloesters or α-haloketones to α,β-epoxyesters or α,β-epoxyketones. Many other types of reactions
could be listed here, however, the above are sufficient to indicate the generality of the aldol
reaction scheme. Hence new knowledge on aldol condensations may pertain to these similar
condensation reactions as well.
Selectivity control of aldol reactions is of paramount importance in fine chemicals and
pharmaceuticals syntheses and could also be advantageous in the upgrading of pyrolysis oils to
fuels. Aldol reactions pose a challenge for controlling the product selectivity by forming a mixture
of undesired di-, poly-, or self-condensation products as shown in Scheme 1.2 below. Particularly
in cross aldol condensations of unsymmetrical ketones, the ability of the involved carbonyl
compounds to serve as a nucleophile or electrophile and to also undergo self-condensation results
in eight different possibilities as shown in Scheme 1.2 for the formation of the aldol addition
product.
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Scheme 1.2. Aldol condensation reaction pathways. Exemplified is the
regioselective activation at the -CH2- group of the second ketone. The
aldol formed in the first (addition) step has two asymmetric centers.
Subsequent dehydration leads to the α,β- unsaturated ketone product.
1.2. Regioselectivity
The regioselective activation of carbonyl compounds with two α-hydrogens is of significant
interest for a variety of applications. Regioselectivity control in aldol condensation of
unsymmetrical ket-2-ones can be used to preferentially obtain branched or straight carbon chains
that are crucial in the synthesis of a variety of aroma chemicals [5-8]. For instance, the branched
aldol condensation product of campholenic aldehyde and 2-butanone is a valuable intermediate in
the production of sandalwood fragrances [7] and is desired over its linear isomer which is an
impurity in this process. The ability to control the formation of fuel precursors with more or fewer
branches would predestine the product for use as gasoline or diesel fuel.
Reaction steps with an unsymmetrical ketone may be formulated by an analogous series of
steps as shown in Scheme 1.1, with the exception that the reaction will follow two alternative paths
due to enolization at either the more substituted methylene carbon (-CH2-) or less substituted
methyl carbon (-CH3). The observed selectivity of the reaction under kinetic control will then be
defined by the relative rates of the two pathways in the rate-limiting step. For instance, enolate
formed at the less substituted methyl carbon has a relatively lower activation barrier and
4

predominates under kinetic control. Whereas, the enolate formed at the more substituted methylene
carbon results in a thermodynamically more stable product and hence predominates under
equilibrium. Similarly, the dehydration of the branched aldol results in the formation of a more
highly substituted double bond (Saytzeff product) which is energetically more favored and hence
predominates under equilibrium while the linear aldol dehydration results in an energetically less
favored less substituted double bond (Hofmann product) which predominates under kinetic
control. If the conditions are such that the aldol addition step is rate determining, then the product
selectivities depend on the relative amounts of the aldols formed. Numerous reports in the literature
suggest that Brønsted acid catalysts favor condensation at the methylene group because of
hyperconjugational effects [14, 15]. Consequently, the rate of addition of enol formed at the
methylene carbon is higher than that of the enol formed at the methyl carbon [16]. Thus, the
regioselectivity of the overall reaction will depend on a combination of kinetic and equilibrium
factors. The rate-limiting step can be affected by the choice of the catalyst and hence can be used
to control regioselectivity. An indirect but most commonly used method for control of
regioselectivity includes the usage of preformed enolates (shown in Scheme 1.4) that are added to
an aldehyde or ketone.

or

or
(1)

(2)

(1)

(2)

Scheme 1.3. Regioselective cross-aldol condensation of benzaldehyde
with preformed enolates (1) or (2).
Through this method, the nucleophilic and the electrophilic sites are pre-determined, and in the
case of unsymmetrical ketones, the regioselectivity can also be controlled. A famous example is
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the Mukaiyama aldol reaction [17], which uses a silyl ketene acetal as a preformed enolate and
titanium tetrachloride as a catalyst.
1.3. Chemoselectivity
The fission of aldol products resulting in an olefin and a carboxylic acid (Scheme 1.5) has
garnered attention recently as a potentially useful reaction for the sustainable production of
isobutene [18-20].

Scheme 1.4. The fission reaction from the aldol substrates
This pathway has first been documented during the conversion of acetone to diacetone alcohol
and mesityloxide, to yield isobutene, which is a precursor of industrial products such as butyl
rubber and ethyl tert-butyl ether and acetic acid, a co-product that can be converted to alkanones
via ketonization [19, 21, 22]. This pathway has also been reported to occur in the liquid phase
during the cross-aldol reactions involving aromatic aldehydes [23-27]. A variety of inorganic solid
catalysts have been tested for C-C hydrolytic bond cleavage reactions including mixed metal
oxides [21, 28-30] and acidic zeolites [31-35], Lewis acidic boron trifluoride [23, 27] and
lanthanide triflates [36]. The stereoselective preference to (E)-alkenes [23] and the easy
availability of the starting substrates make this reaction very attractive for chemical synthesis.
However, no consistent picture exists about the mechanism and the required active site.
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1.4. State of the art and recent research
1.4.1. Homogeneous catalysis
The aldol addition reaction shown in Scheme 1.2, presents the challenge of regio-, chemo- and
stereoselectivity. Any aldol condensations requiring selectivity control are mainly achieved using
homogeneous aldol catalysis. Many powerful stoichiometric processes have been developed to
address these issues including the use of preformed enolates for regioselective control illustrated
in Scheme 1.2 and discussed in Section 1.2. Numerous catalysts for the enantioselective aldol
reactions have been reported in recent years, such as enzymes [37], catalytic antibodies [38] and
small molecules [39] to avoid the production of stoichiometric by-products while maintaining the
high levels of selectivity control. The development of efficient methods to provide
enantiomerically enriched products has been of great current interest in the pharmaceutical
industry [40]. Consequently, various organometallic catalysts have been developed for the
homogeneous asymmetric aldol reactions [39]. Organometallic catalysts can be expensive, toxic
and very sensible to air and moisture, while organic molecules are cheap, easy-available in a single
enantiomer from nature, nontoxic, stable and environmentally friendly. These advantages
motivated the use of organocatalysts over organometallic catalysts for selectivity control in aldol
reactions. Organocatalysis has been effectively used in aldol reactions [41], for example, amino
acids such as proline are used as catalysts for enantioselective intra [42] and intermolecular aldol
reactions [38]. Organocatalytic methods are especially advantageous for the synthesis of
compounds that do not tolerate metal contamination; for example, pharmaceutical products due to
the absence of transition metals [40]. The common limitations of organocatalysts are the need for
high catalyst loading and, long reaction times. However, the control of stereoselectivity using
homogeneous catalysts is beyond the scope of this work and is only mentioned for completeness.
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1.4.2. Heterogeneous catalysis
The development of heterogeneous catalytic processes to replace conventional homogeneous
reagents for aldol condensation has garnered significant attention in chemical synthesis and green
chemistry research [43]. Section 1.4.2.1 outlines the different parameters and approaches that have
been studied to improve the activity and stability of solid catalysts in aldol reactions.

1.4.2.1. Activity and stability of heterogeneous catalysts in aldol reactions
A variety of inorganic solid catalysts have been tested for aldol condensation of biomassderived feedstocks, with efforts focused on catalyst activity and stability. These catalysts include
metal oxides [44], hydrotalcite [7, 45], metal-substituted zeotypes [46], zeolites [47], and metalorganic frameworks [48, 49]. Inorganic-organic hybrid materials constitute another group of
catalysts for aldol condensations; which include silicas functionalized with amine groups [50-55]
and periodic mesoporous organosilicas (PMOs) synthesized via direct condensation of bridged
organo-bis-silanes of the form (R'O)3Si-R-Si(OR')3 in the presence of a surfactant [56-61]. With
these catalysts, efforts have been directed towards optimizing the: length of the tether for the
functional group [52, 54], the organic bridging group (R) of the PMOs for tuning hydrophobicity
[56], the site density [50] and the arrangement [50, 55] for cooperative effects between silanol
groups and amines, or between acidic and basic functional groups.
1.5. Scientific questions, objectives and approach, hypotheses
1.5.1. Regioselectivity
Controlling regioselectivity in aldol reactions has direct applications in the synthesis of fine
chemicals, pharmaceuticals, and fuel precursor molecules. The current industrial aldolizations in
the fine chemicals industry use homogeneous catalysis by caustic soda [5]. However, this presents
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several limitations such as corrosion, waste generation, and expensive catalyst separation and reuse. Even though solid catalysts can be separated easily and reused, they are not explored for
controlling the selectivity in aldol reactions and majority of the reports focus on improving the
activity and stability as discussed in Section 1.4.2.1. In these studies, the nucleophile is acetone
which only gives straight chain products that could become renewable additives for diesel [62]. In
contrast, regioselective aldol condensation of unsymmetrical ketones opens up unprecedented
routes for obtaining branched alkanes, which are more suitable as gasoline additives. Therefore,
the goal of this work is to bridge this gap in the literature and investigate the ability of
heterogeneous catalysts to control the regioselectivity and gain information required to develop
suitable catalysts for processes needed in the conversion of biomass to fuels and chemicals and
potentially also for other processes.
The aldol condensation of a non-enolizable aromatic aldehyde, benzaldehyde, and an
unsymmetrical ketone, 2-butanone, served as a test reaction. These substrates were specifically
chosen to minimize the number of aldol products and to exclusively investigate regioselectivity.
Benzaldehyde does not have an α-hydrogen and can only act as an electrophile in this aldol
reaction. 2-Butanone has two different types of α-carbons, wherein the reaction at the methylene
carbon results in branched aldol products and at the methyl carbon results in linear aldol products.
Various factors that govern regioselectivity with several families of catalysts were investigated in
liquid phase batch reactions.
Various studies with homogeneous catalysts associate selectivity towards branched products
with acidity and linear products with basicity of the catalysts. The first objective of this thesis was
to test if this selectivity association is applicable to the heterogeneous catalysts by comparing the
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product selectivities obtained with acid (PrSO3H) and base (PrNH2) functionalized SBA-15 (a
mesoporous silica) with their homogeneous molecular analogs.
Catalyst families with different characteristic acid and base sites were then evaluated, namely
1) sulfonic acid functionalized SBA-15 with hydrophobization 2) Isomorphously metal-substituted
zeotypes with Lewis acid-base pairs 2) primary and secondary amine functionalized mesoporous
silicas; specifically, MCM-41 was employed. MCM-41 is a mesoporous silica support with
uniform channels in a hexagonal arrangement. 3) sulfated zirconias (complex amphoteric surface
with both Brønsted and Lewis sites).
All of these heterogeneous catalysts with different types of acid and basic groups were chosen
carefully to investigate the association of activity with active sites as the knowledge in this area is
limited. For instance, several reports in the literature employ oxidic materials that possess both
Brønsted and Lewis, acidic and basic sites complicating the association of selectivity with the
nature of the catalytic site.
The cooperative effect is another factor that is reported to have a strong influence on promoting
the activity of heterogeneously catalyzed aldol condensations. The cooperative action between
acid-base functional groups [53, 63, 64] and between an acidic functional group and silanol groups
of the support surface [51, 54, 55, 65] has been extensively investigated in the literature. These
reports focus on bifunctional acid-base catalytic systems. In this thesis, the applicability of the
benefits of site cooperativity in the “acid only” system is investigated by synthesizing sulfonic acid
functionalized SBA-15 catalysts with varying acid site loadings.
Hydrophobicity imparted to the catalyst surface is reported to positively affect the activity in
aldol reactions activity by making more sites available for aldol substrates and also potentially
suppress any side reactions [56]. The effect of hydrophobicity on activity and regioselectivity was
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investigated in this work through co-functionalization of octyl group onto the sulfonic acid
functionalized SBA-15 catalysts. Furthermore, it was investigated if cooperative interaction can
influence regioselectivity with the supported primary and secondary amine functionalized MCM41 catalysts.
The nature of the substituent on the aldehyde that is electron withdrawing/donating, is another
factor reported in the literature that can influence the stability of the intermediates in the ratelimiting step, and hence the regioselectivity [66]. Therefore, to extend the scope of this work to
any aldehyde substrate, primary and secondary amine functionalized MCM-41 catalysts are
evaluated for the regioselective aldol condensation of a series of benzaldehyde and its derivatives
(4-methoxybenzaldehyde, 4-bromobenzaldehyde, and benzaldehyde) having electron withdrawing
and donating substituents in the para position. Hammett analysis was used as a diagnostic to
investigate the influence of cooperative interactions between the amine functional group and the
surface silanol on regioselectivity. The positive slope in the Hammett plot would prove the
regioselectivity enhancement towards the linear product due to cooperative interactions, in which
the activity of benzaldehyde for electrophilic addition is improved by the surface silanol groups
similar to the activity enhancement resulting due to electron withdrawing para substituents.
Furthermore, the steric effects induced by the α-substitution on the amine catalyst can improve the
regioselectivity towards the linear product by preferentially activating the less hindered methyl
carbon of butanone. The supported amine catalysts can exert a similar influence on regioselectivity
by restricting the mobility of the amine groups and thereby sterically limiting the enolization at
the more substituted methyl carbon of 2-butanone.
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1.5.2. Chemoselectivity
A recent report on fission chemistry in vapor phase suggests that the fission products are
reported to form via a free radical intermediate as a subsequent reaction to dehydration in the vapor
phase [18] while another report proposed its formation from secondary aldol condensation product
of acetone [67]. On the other hand, in the liquid phase, this reaction was shown to proceed via a
carbocation intermediate as a parallel reaction to the dehydration [23, 27] rendering the
mechanistic details of this chemistry unclear. The influence of the nature of the active sites
(Brønsted or strong Lewis acid centers) on the fission pathway and the direct precursor to fission
product (aldol addition, primary or secondary aldol condensation products) are debated.
In order to elucidate the mechanism of the fission pathway 2,4-dimethyl-3-pentanone was
chosen as the test reactant for this study. This ketone substrate has only one hydrogen in the αposition, which eliminates the possibility for the dehydration pathway upon reaction with
benzaldehyde as shown in the Scheme 1.6 below and throws light on the direct precursor for the
formation of the fission products from aldol substrates.

Scheme 1.5. Aldol reaction of 2,4-dimethyl 3-pentanone and benzaldehyde.
In addition, reports on the influence of site strength (acidity) and catalyst porosity on the fission
pathway are scarce. Reactions may be steered by shape selectivity if the reactants and the pores of
the catalyst have the same dimensions, or by diffusion limitations in pores if the reactions to be
discriminated follow different rate laws and will respond differently to variations in local
concentrations. Therefore, in order to investigate the nature of sites and spatial constraints, three
types of strong Brønsted acidic catalysts including resin catalysts characterized by mesopores,
12

sulfonic-acid functionalized SBA-15 materials of varying pore size with a combination of mesoand micropores, and Brønsted acid zeolites with varying void sizes, framework structure and site
densities were tested. The influence of transport limitations on product selectivity is also
investigated by varying the reaction temperature and by comparing with homogeneous catalysis
by benzenesulfonic acid.
The fission pathway was further investigated by studying the aldol reaction of 3-pentanone and
benzaldehyde in the kinetic regime using propyl sulfonic acid functionalized MCM-41 to gain
insights into its mechanism. A kinetic model was developed for the aldol condensation and fission
of 3-pentanone and benzaldehyde to estimate the reaction orders and rate constants.
1.6. Thesis Outline
The overarching hypothesis of this thesis is that regio- and chemoselectivity in aldol reactions
can be steered through appropriate choice of catalytically active site, catalyst porosity, and reaction
conditions. The strategies to control regioselectivity by tuning the nature of the catalytic site
(Brønsted/Lewis, acid/base) in the aldol test reaction between benzaldehyde and 2-butanone are
discussed in Chapter 2. The effect of changing the site environment by hydrophobizing the surface
through octyl co-functionalization and increasing the surface acid site density on the catalyst
activity and selectivity are also presented in Chapter 2. Chapter 3 focuses on investigating the
cooperative effect and the stereoelectronic effects induced by different electron withdrawing and
donating substituents on benzaldehyde on regioselectivity with homogeneous and silica-supported
primary and secondary amine catalysts. In Chapter 4, approaches to tune chemoselectivity towards
either the fission or the condensation pathway through diffusion limitations by modulating the
catalyst textural properties and reaction conditions are discussed. Chapter 5 further expands on the
findings from Chapter 4 and presents a quantitative kinetic model developed to estimate rate
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constants and reaction orders for fission and condensation pathways using the experimental data
for the aldol reaction between benzaldehyde and 3-pentanone at different temperatures, times and
initial benzaldehyde concentrations. This chapter also includes results on the effect of acid
strength, acid site density, zeolite framework structure, and methyl substitution on the ketone on
fission product selectivity. Chapter 6 summarizes the salient conclusions of all the work in this
dissertation and recommendations for future work.
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CHAPTER 2
2. TUNING SOLID CATALYSTS TO CONTROL REGIOSELECTIVITY IN CROSSALDOL CONDENSATIONS WITH UNSYMMETRICAL KETONES
2.1. Background
Regioselectivity is an important feature of aldol reactions and has several potential
applications. Control of regioselectivity has been successfully demonstrated in homogeneous
catalysis using organocatalysts. (S)-Prolinamide [68] and C2- symmetric bis-prolinamide [69]
were shown to preferentially form linear products, whereas L–proline [70] and N, N-diaminocyclohexane [71] formed branched aldol products. Soluble organocatalysts are typically
used in stoichiometric amounts [72], which make them unsuitable for large-scale processing, and
they also pose problems with catalyst separation and recycling. Supported organocatalysts were
also explored to evaluate their applicability in the industry [73, 74]. This approach was only
partially successful, and some immobilized organocatalysts were less effective (i.e., giving lower
yields or lower stereoselectivity) than their non-supported counterparts or they lost activity upon
recycling, with leaching being one of the identified causes [73].
Investigations focusing on mechanistic detail in surface-catalyzed aldol condensations are
scarce and provide only partial answers about the aldol reaction steps (i.e., addition and
dehydration). Understanding these steps is essential for the rational design of the catalysts for
controlling the regioselectivity as highlighted in Chapter 1, Section 1.2. One report proposed acidbase pairs in zeotypes as active sites for the addition step [46]. Another report left open whether
increased strength of Lewis acid sites or the presence of Brønsted acid sites in zeolites promoted
the dehydration step [47]. Such investigations are limited to the simple reaction networks observed
when symmetrical ketones react with aldehydes without α-hydrogens. For more complex
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scenarios, an understanding of the regioselectivity and a demarcation of the two reaction steps are
essential and lacking.
Zhao et al. [75] investigated the regioselectivity in the aldol condensation of furfural with
levulinic acid using NaOH solution and reported higher selectivity for the linear products. No
addition products were identified in this report. Liang et al. [76] tested several solid metal oxides
for the same reaction and observed linear products with MgO and branched products with ZnO. In
this investigation, the combined selectivity to addition and condensation products was used to
characterize the regioselectivity preference of the catalyst. Interestingly, in a number of reports on
the homogeneously catalyzed reaction of butanone and benzaldehyde, termination at the
intermediate aldol stage sometimes resulted in branched products, whereas continuation to the α,
β-unsaturated ketone stage resulted in linear products [16, 77-79].
The goal of this study is to identify the factors that govern regioselectivity and develop a
fundamental understanding of the effects of tuning the nature, hydrophobicity, and confinement of
the active sites in solid catalysts for the aldol test reaction between benzaldehyde and 2-butanone.
This information will enable rational synthesis of catalysts for better control of aldol condensation
reactions.
SBA-15 was chosen as the support as it can be functionalized with both acidic (-SO3H) and
basic (-NH2) sites and hence allows for comparing the regioselective performance of these
heterogeneous catalysts against their homogeneous analogs. Hydrophobicity was shown to
improve the catalyst activity and the effect of imparting this nature to the catalyst surface on
regioselectivity was investigated by grafting octyl groups to cap the hydroxyl groups. Metal
substituted zeotypes were another family of catalysts chosen as they are resistant to common
poisons such as acetic acid due to their mild Lewis acidity and also offer the advantage of
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regenerability. The zeotype framework also contains an oxygen atom bound to the metal atom
which can act as a Brønsted base and it is unknown what property will dictate their regioselectivity.
Sulfated zirconia catalysts are amphoteric and are characterized by Lewis base and Brønsted acid
sites. These catalysts can also be tuned to have different acid strengths by varying the sulfate
density.
It will be demonstrated that both aldol reaction steps (addition and dehydration) and
regioselectivity of the cross-aldol condensation involving unsymmetrical ketones can be controlled
by tuning the active sites and textural properties of these catalysts.
2.2. Experimental section
The conversion and product selectivities were calculated using the Equations A1 and A2
respectively, shown in Appendix A. Reported error bars represent standard deviations of repeat
catalytic experiments. The experimental uncertainties in the measurement of benzaldehyde
conversion and product selectivities are always less than 4% as shown in Figure A1.

2.2.1. Synthesis of functionalized mesoporous silica catalysts
2.2.1.1. Synthesis of SBA-15
SBA-15 was synthesized according to the method reported by Zhao et al. [80]. Ten grams of
Pluronic P123 triblock copolymer was dissolved in 250 ml of 2 M HCl solution and 75 ml of DI
water by stirring at 35 °C. After the addition of 23 ml of TEOS, the mixture was stirred
continuously for 20 h at 35 °C. The resulting gel was aged at 80 °C for 24 h. Later, the solid product
was filtered, washed with DI water and calcined in static air at 550 °C for 5 h.
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2.2.1.2. Propyl sulfonic acid (PrSO3H) and octyl co-functionalization of SBA-15
The synthesis procedure was adapted from Ref. [81]. SBA-15 and 3-mercapto n-propyl
trimethoxysilane (MPTMS, Sigma) were combined in an appropriate ratio (MPTMS/SBA-15
between 0.01 and 1) in 30 ml of toluene to vary the thiol coverage. The suspension was refluxed
for 24 h; then the thiol-functionalized solid was retrieved by filtration, washed with methanol and
dried at 80 °C. One portion of the thiol-functionalized sample was oxidized with H2O2 at room
temperature for 24 h (30 ml of 33 wt% H2O2 per gram of material) to prepare sulfonic acidfunctionalized SBA-15, and the other portion was used for co-grafting with n-octyl groups as
shown in Scheme 2.1a and b.

Scheme 2.1. Functionalization of SBA-15 with a) propyl sulfonic acid b)
octyl c) propyl amine groups.
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The samples are denoted as x-PrSO3H/SBA-15 where x corresponds to the wt.% sulfur
measured by CHNS. To introduce octyl groups, thiol-grafted samples (≈1 g) were refluxed in a
solution of 1 ml of octyltriethoxysilane in 30 ml of toluene for 24 h. Washing, drying, and oxidation
of the thiol groups to sulfonic acid were performed as described above. Sulfur and carbon contents
of the final octyl co-derivatized samples were remeasured by CHNS analysis. This series is
denoted as Oc/x-PrSO3H/SBA-15 where x corresponds to the weight % of S measured by CHNS
analysis in the parent sample.

2.2.1.3. Propylamine (PrNH2) functionalization of SBA-15
One milliliter of aminopropyltrimethoxy silane (APTMS, Sigma) was added to a suspension
of 1 g SBA-15 and 30 ml of toluene (Fisher 99%). The suspension was then refluxed at 125 °C
under stirring for 24 h, after which the resulting functionalized solid was filtered, washed three
times with methanol (Fisher) and dried at 80 °C overnight.

2.2.2. Synthesis of metal-substituted BEA zeotypes
The synthesis of metal-substituted BEA zeotypes was described in detail in previous reports
[82, 83]. Briefly, to obtain Sn-BEA, a starting solution was created from tetraethylorthosilicate,
tetraethylammonium hydroxide solution (TEAOH), tin (IV) chloride hydrate and water and stirred
until ethanol formed upon hydrolysis of TEOS had evaporated. A suspension of dealuminated
zeolite BEA seeds (corresponding to 4.0 wt.% seed on a silica basis) was added, followed by
hydrofluoric acid. The final composition of the synthesis gel was SiO2: 0.008 SnO2: 0.54 TEAOH:
0.54 HF: 7.5 H2O. The gel was heated in an autoclave and held at a temperature of 140 °C for four
days with 2.0 rpm rotation. The obtained solid was washed, dried and calcined at 550 °C in flowing
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air for 12 h. Ti-BEA, Hf-BEA, and Zr-BEA were synthesized using the same procedure as
described above using Ti(OC2H5)4, HfCl4 and ZrCl4, respectively, as metal precursors.

2.2.3. Synthesis of amphoteric sulfated zirconia catalysts
The synthesis of the sulfated zirconia materials was described in detail in Ref. [84]. Typically,
50 g hydrous zirconia (MEL Chemicals XZO880/01) was impregnated with 500 ml H2SO4 (aq)
and calcined at a temperature of 550 °C for 3 h to produce sulfated ZrO2. Five different sulfate
loadings were obtained by varying the molarity of the acid between 0.01 and 0.5 M. Samples are
denoted as SZ-x where x corresponds to the molarity of the H2SO4 impregnation solution.

2.2.4. Characterization methods
2.2.4.1. SBA-15
The success of the synthesis was verified with a number of characterization techniques, and
the results and detailed characterization procedures not explicitly described in this thesis can be
found in Ref. [81]. The textural properties were characterized by measuring N2 adsorption and
desorption isotherms at 77 K using a Quantachrome Nova 4000 porosimeter and analyzing the
data with the BET and BJH methods. The samples were degassed overnight under vacuum at
120 °C before analysis. Bulk nitrogen and sulfur contents were determined by CHNS analysis on
a Thermo Scientific Flash 2000 CHNS-O analyzer.

2.2.4.2. Metal-substituted zeotypes
Detailed characterization procedures and results not reported here can be found in Ref. [85].
The metal content was determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES, iCap 6500 Dual view, Thermo Scientific). N2 adsorption and desorption isotherms at
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77 K were obtained using an automated gas sorption analyzer (Autosorb iQ2, Quantachrome) after
the samples were degassed at 300 °C under vacuum for 12 h.

2.2.4.3. Sulfated zirconia
Detailed characterization procedures and results not reported here can be found in Ref. [86].
Acid site titration by n-propylamine chemisorption with subsequent temperature-programmed
desorption (TPD) was performed using a thermogravimetric analyzer with a mass spectrometer
(TG-MS), specifically a Mettler Toledo TGA/DSC 2 STARe System equipped with a Pfeiffer
Vacuum ThermoStarTM GSD 301 T3 mass spectrometer. The number of Brønsted acid sites was
determined from the mass loss associated with the evolution of propene, which was confirmed by
MS. Porosimetry and CHNS analysis were performed using the same instruments as mentioned in
Section 2.2.4.1.

2.2.5. Catalytic tests
Batch reactions were performed under autogenous pressure in an oven-dried pressure-resistant
glass tube of 15 ml volume equipped with a thermowell (Ace Pressure Tube, Ace Glass 8648-164).
Typically, the reaction mixture contained 1.0 M benzaldehyde (Sigma-Aldrich ≥99.5%) and 0.1
M hexadecane in excess 2-butanone (Fisher 99%). The benzaldehyde-to-site ratio was 517 unless
otherwise indicated, with sites defined as total moles for homogeneous catalysts, moles of sulfur
for functionalized SBA-15, moles of metal for the zeotypes, and moles of acid sites as titrated by
isopropylamine chemisorption/TPD for the zeolites, respectively. All solid catalysts were stored
in air and used without pre-treatment. The reaction mixture was magnetically stirred in the pressure
tube for 20 h at a temperature of 140 °C (unless otherwise indicated) in a temperature-controlled
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oil bath. The specified reaction temperature was measured by a thermocouple placed in the
thermowell. The reaction mixture was centrifuged to remove the solid catalyst before GC analysis.

2.2.6. Reaction product analysis by GC
The reaction products were quantified by using gas chromatography with flame ionization
detection (FID); an Agilent 7890B system equipped with an HP-5 capillary column (length 30 m,
i.d. 0.32 mm (wide bore), film thickness 0.25 μm) was used. The oven temperature was held at 35
°C for 5 min, ramped at 10 °C min-1 to 250 °C, with a hold time of 10 min. The GC injection port
was operated at 250 °C in 35:1 split mode with N2 as the carrier gas at 3 ml min-1, and the injection
volume was 0.5 μl. Response factors were calculated using standards of reference compounds or
structurally equivalent compounds [43]. Each reaction sample was analyzed at least three times by
GC, and the average responses were taken to calculate the conversion, yield, and selectivity.
Reported error bars represent standard deviations of repeat catalytic experiments.
In addition, gas chromatography coupled with mass spectrometry (GC-MS) was performed
with an Agilent 7890A system (7890 GC/7972 series mass selective detector, HP). Products were
identified by using mass spectral library matches and the AMDIS32 software or by measuring
reference compounds. The acetic acid in the reaction mixture was determined by derivatizing with
trimethylsilyl imidazole (TMSI; Sigma-Aldrich) and subsequent GC-MS analysis.
2.3. Results and discussion
2.3.1. Characterization of functionalized mesoporous silica catalysts
The textural properties and elemental analysis data of PrSO3H/SBA-15 and Oc/PrSO3H/SBA15 materials are summarized in Table 2.1. The BET surface area decreased slightly upon
derivatization with PrSO3H groups, with a concomitant loss of micropore volume in the pore walls
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as determined from the t-plot analysis. A slight decline in the BJH mesopore diameter was also
observed following sulfonic acid derivatization. The sulfur content was found to increase steadily
with the concentration of MPTMS precursor used in the grafting step. XRD patterns, N2 adsorption
isotherms and extensive characterization of the acid sites of these samples are published elsewhere
[81]. The PrNH2/SBA-15 sample was characterized by a relatively low surface area, and its
nitrogen content was determined to 1.55 wt% by CHNS analysis and to 1.84 wt% by
thermogravimetric analysis.
Table 2.1. Textural properties of functionalized mesoporous silica catalysts
Surface
areaa
(m2 g-1)

BJH pore
diameter
(nm)

Sulfur
Contentb
(wt %)

Carbon
Contentb
(wt %)

Acid or base
site loadingc
(mmol g-1)

Parent SBA-15 I

759

4.9

-

0.80

-

0.15-PrSO3H/SBA-15

682

4.6

0.15

1.03

0.05

0.77-PrSO3H/SBA-15

663

4.7

0.77

1.80

0.24

Oc/0.15-PrSO3H/SBA-15d

539

4.6

0.17

1.60

0.05

Oc/0.77-PrSO3H/SBA-15d

587

4.8

0.69

2.35

0.25

Parent SBA-15 II

834

5.8

-

0.65

PrNH2/SBA-15

362

5.6

-

4.56

Catalyst

2.20

a

BET. bCHNS. cCalculated based on the S or N content from CHNS analysis. dNames of octyl-functionalized
samples reflect parent sample sulfur content and not measured content

2.3.2. Characterization results of zeotypes
XRD patterns and N2 adsorption isotherm data for Ti-BEA, Sn-BEA, and Zr-BEA are
published in Ref. [83]. N2 adsorption isotherms measured at a temperature of 77 K indicated that
micropore volumes were 0.16–0.17 cm3 g−1, consistent with the BEA topology (Table 2.2). Lewis
acid site concentrations of zeotype catalysts were assumed to be equal to the metal content as
determined by elemental analysis (ICP-OES). This assumption is justified by the findings of Roy
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et al. [87] who observed adsorption stoichiometries of close to one molecule per framework metal
atom for various probes. Further, the BEA structure allows diffusion of a sphere with 5.95 Å
diameter, whereas the kinetic diameters of the reactants are 5.2 Å and 5.8 Å for butanone and
benzaldehyde, respectively.
Table 2.2. Textural properties and composition of zeotype catalysts
Total Pore
volume
(cm3 g-1)

Micropore
volume
(cm3 g-1)

Si/metalb
(mol mol-1)

Metal site
loading
(mmol g-1)

0.75

0.32

0.17

126

0.13

450

0.75

0.30

0.17

128

0.13

Zr-BEA

418

0.75

0.25

0.16

168

0.10

Hf-BEA

403

0.75

0.22

0.16

187

0.09

Catalyst

Surface
areaa
(m2 g-1)

Pore
diameter
(nm)

Sn-BEA

488

Ti-BEA

a

BET. bDetermined from ICP-OES analysis.

2.3.3. Characterization of sulfated zirconia catalysts
In comparison to the other series of catalysts, the sulfated zirconia samples possessed a
relatively low BET surface area in the range of 114 to 164 m2 g−1 as shown in Table 2.3.
Table 2.3. Textural properties of sulfated zirconia catalysts
Surface
areaa
(m2 g-1)

Pore
diameter
(nm)

Pore
volume
(cm3 g-1)

S loadingb
(wt %)

S loadingb
(mmol g-1)

Acid site
loadingc
(mmol g-1)

ZrO2

82

6.6

0.45

0.00

0.00

0.22

SZ – 0.015

132

3.4

0.38

0.6

0.19

0.39

SZ – 0.025

132

3.4

0.38

1.07

0.33

0.47

SZ – 0.05

131

3.4

0.40

2.05

0.64

0.77

SZ – 0.1

164

3.4

0.33

3.76

1.18

1.32

SZ – 0.5

114

3.4

0.34

5.86

1.83

0.75

Catalyst

a

BET. bCHNS. cn-propylamine TPD.
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All samples in the series exhibited a type IV isotherm with hysteresis loops indicative of bottlenecked mesopores. The sulfate content measured by CHNS analysis increased linearly with the
concentration of the impregnation solution up to 0.1 M and then approached a plateau with further
increase in the concentration. Both BET surface area and acid site density exhibited an optimum;
they increased up to SZ-0.1 and decreased with further increase in H2SO4 concentration for SZ0.5. These trends are consistent with previous observations [84, 88], and the maxima can be
rationalized with a break in trends as the monolayer of sulfate is exceeded, which occurs between
SZ-0.1 and SZ-0.5 [84]. Below a monolayer, a certain area of surface is stabilized per sulfate group
[88] and the number of acid sites increases with the number of sulfate groups while the number of
base sites decreases [84]. Above a monolayer, bulk sulfate and disulfate formation reduce surface
area and the number of acid sites per sulfur.

2.3.4. Principal products
Scheme 2.2 shows the reaction pathways (referred to as Pathways A and B) in the cross-aldol
condensation of 2-butanone and benzaldehyde. The reaction at either of the α-carbons of 2butanone leads to different addition products (aldols I and II), which can dehydrate to give the
condensation products III and IV, respectively. All intermediates and products of the aldol
condensation were observed, in varying amounts depending on the catalyst used and reaction
conditions. Three addition products were chromatographically distinguished. A diastereomeric
mixture of erythro- and threo-4-phenyl-3-methyl-butan-4-ol-2-one (referred to collectively as I)
indicated condensation at the methylene carbon of the ketone, and 1-phenyl-pentan-1-ol-3-one (II),
isomeric with (I), indicated condensation at the methyl carbon of the ketone. The dehydration of
the isomeric β-aldols (I) and (II) resulted in α,β-unsaturated ketones, 3-methyl-4-phenyl-3-buten2-one (III) and 1-phenyl-1-penten-3-one (IV), respectively.
25

Scheme 2.2. Reaction network for aldol reaction of butanone with benzaldehyde
Further products observed in significant amounts were β-methyl-styrene (V) and acetic acid
(VII), formally the result of a C-C bond cleavage in Pathway A. These products will be referred to
as fission products, and their formation may be envisioned from the aldol (I) or from the
condensation product (III) [19, 21, 29, 31]. The structural identity of the fission product (V) was
confirmed by comparing the retention time and the mass spectrum of the peak corresponding to
this product in the reaction mixture to those of the reference standard β-methyl styrene. The
identification of acetic acid in the reaction mixture through derivatization with TMSI further
corroborates the hypothesis that fission indeed occurs as indicated in Scheme 2.2. The
corresponding products of Pathway B, styrene (VI) and propionic acid (VIII), were only detected
in traces in a few cases and will not be further discussed. The rate constants are represented as k
and indicated on the arrows of the reaction pathways in Scheme 1.1. The superscript “b” refers to
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the branched products formed in Pathway A and “l” refers to the linear products in Pathway B.
The subscript represents the product number formed or disappeared from its corresponding
reaction as shown in Scheme 2.2.

2.3.5. Catalytic performance of functionalized silica materials
2.3.5.1. Comparison with homogeneous benchmark catalysts
It was first tested whether literature observations regarding the association of selectivity with
acid or base catalysis pertain to the catalysts investigated here. The functionalized SBA-15
materials also presented an ideal opportunity for comparison with homogeneous catalysis by
molecular analogs. The results for two soluble catalysts, benzene sulfonic acid and
diisopropylamine, and for SBA-15 functionalized with an organic acid or an organic base are
shown in Figure 2.1 together with the result of a control reaction in the absence of a catalyst. The
control experiment with no catalyst resulted in negligible conversion; and the predominant product
was the aldol of pathway A, compound I.
The catalyst amount in these tests was adjusted to allow comparison of selectivities at similar
conversion, which provides insights into the reaction pathways leading to different products. The
apparent turnover frequencies (TOFs) of disappearance of benzaldehyde shown in Figure 2.1
demonstrate that this adjustment was largest in the case of diisopropylamine. As expected, acid
catalysts favor pathway A by condensation at the methylene carbon, and base catalysts favor
pathway B by condensation at the methyl carbon [16]. The regioselectivity exhibited by the soluble
benchmark catalysts was principally in line with that of their heterogenized counterparts, but the
homogeneous diisopropylamine catalyst was more selective than propylamine-functionalized
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SBA-15 whereas a soluble primary amine, n-butylamine, was not regioselective and produced both

Conversion &
Product selectivities (%)

products.
100
32

80

0.008

1.5

19.8

60
40
20
0
Blank
(No catalyst)

PhSO₃H

Benzaldehyde Conversion
Condensation A
Secondary products

Di-isopropylamine
Addition A
Condensation B

0.77-PrSO₃H/
SBA-15

PrNH₂/
SBA-15

Addition B
Fission A

Figure 2.1. Selectivity trends of acid (PrSO3H) and base (PrNH2) functionalized SBA-15
along with their homogeneous benchmarks compared at similar conversion of
benzaldehyde. Reaction conditions: Excess 2-butanone, 1.0 M benzaldehyde, 0.1 M
hexadecane (internal standard), 20 h, 140 °C. The apparent TOFs of benzaldehyde
disappearance, in h-1 are indicated on the benzaldehyde conversion bars.
Figure 2.1 further indicates the formation of undesired secondary reaction products including
higher aldol condensation products and the fission product as outlined in Scheme 2.2. The
homogeneous benchmark catalysts yielded relatively higher amounts of secondary condensation
products compared with the functionalized SBA-15 catalysts. Furthermore, the fission product was
only observed for the PrSO3H/SBA-15 catalyst.

2.3.5.2. Effect of acid site density and octyl co-functionalization in PrSO3H/SBA-15
Figure 2.2 illustrates the influence of acid site density and octyl co-functionalization on the
aldol reaction, expressed in terms of turnover frequency. The turnover frequency of PrSO3H/SBA15 for the formation of the pathway A condensation product III improved by ≈54% upon an
increase in sulfonic acid site density from 0.05 to 0.24 mmol g-1; however, octyl co-
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functionalization did not have a statistically significant influence on this TOF at both higher and
lower S loadings.

Figure 2.2. Effect of octyl co-functionalization and increasing acid site density of
PrSO3H/SBA-15 on TOF for the formation of pathway A condensation product (III).
Reaction conditions: 1.0 M benzaldehyde, 0.1 M hexadecane (internal standard), 4 h,
and 140 °C, reactant-to-catalyst ratio 517:1 (sites assumed equal to S content from
CHNS analysis). Error bars are standard deviations from three repetitions of the same
test with one batch of catalyst.
Previous tests reported in the literature with the same series of SO3H/SBA-15 materials showed
a significant enhancement in catalytic activity for esterification with an increase in acid site density
and octyl co-functionalization [89]. In this report, it was proposed that a cooperative effect, that is,
activation of both substrates on adjacent sites accounts for the enhancement in turnover frequency.
Alternatively, a similar enhancement in activity for acetic acid esterification with an MCM-SO3H
catalyst has been assigned to an increase in acid strength [90]. Previous characterization [81] of
the PrSO3H/SBA-15 series by NH3 calorimetry revealed the acidic strength to be invariant with
respect to sulfonic acid loading. Moreover, calculation of acid constants Ka from inverse gas
chromatography measurements of the adsorption of methanol, acetonitrile, ethyl acetate, and
dichloromethane resulted in similar values of Ka for low and high sulfonic acid loading
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PrSO3H/SBA-15 samples. These results suggest that acid strength is not at the origin of the
enhanced per site activity.
The effect of cooperative interaction in promoting the activity of aldol condensation has been
extensively investigated and includes cooperative action between two functional groups [53, 63,
64] and between an acidic functional group and silanol groups of the support surface [51, 54, 55,
65]. These reports focus on bifunctional acid-base catalytic systems whereas here, an “acid only”
system exhibits the benefits of site cooperativity. Usually, acid sites activate the electrophile
whereas base sites catalyze enolate formation. An acid-catalyzed activation of both substrates on
adjacent sites is difficult to envision. Another possible scenario is the promotion of the dehydration
by higher site density, as seen by Macht et al. [91]. In this case, it would be expected that at equal
conversion, the selectivity should shift from addition to condensation products as the site density
increases. However, such a trend was not observed, and further experiments will be needed to
identify the reasons for the increase in turnover frequency with site density.
The product selectivity vs. conversion trends for the sulfonic acid-functionalized SBA-15 with
the highest sulfur loading with and without hydrophobization are compared in Figure 2.3. Figure
2.3a shows a decrease in addition products selectivity (addition A + addition B) with benzaldehyde
conversion, as expected for aldol intermediates. When extrapolated to zero percent conversion, the
selectivity seems to reach a value close to 100% indicating that these are the only products formed
in the first step. Figure 2.3b shows that the selectivity for the condensation products (condensation
A + condensation B) increases with benzaldehyde conversion and reaches a plateau indicating that
these are stable reaction products.
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SBA-15
Benzaldehyde Conversion
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Condensation B
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Fission A

Figure 2.3. Dependence of product selectivities on benzaldehyde conversion using the
0.77-PrSO3H/SBA-15 and its octyl co-functionalized derivative. A) Addition products I,
II combined. B) Condensation products III, IV combined. C) Fission product V. D)
Distinction of pathway A and pathway B selectivities as a function of conversion.
No significant difference in the trends of addition products was observed between the two
catalyst samples (Figure 2.3a), suggesting no influence of hydrophobization on the addition step.
However, the difference in the pathways for the two catalysts is evident from Figure 2.3b and
Figure 2.3c. The hydrophobized catalyst with the added octyl groups (Oc/0.77-PrSO3H/SBA-15)
favored the condensation pathway to a higher degree whereas the catalyst bearing only acid
functionalities (0.77-PrSO3H/SBA-15) was more selective towards the fission pathway resulting
in the formation of β-methyl styrene and acetic acid. Since these fission products are unique to
acid catalysts, it is proposed that these fission products result from the acid-catalyzed cleavage of
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the branched addition product (III), as shown in Scheme 2.2. This hypothesis is consistent with a
similar C-C bond cleavage mechanism reported by Hardy [92]. A similar side reaction product
was also observed by Neurock et al. [93] in the vapor phase self-aldol condensation of propanal
on 5 wt.% Cu/SiO2 at a temperature of 230 °C. However, this product (3-pentanone) was proposed
to be formed via a different mechanism involving a hydride transfer to the propanal adsorbed on
the adjacent catalytic site, followed by decarbonylation. The octyl co-functionalization of
PrSO3H/SBA-15 proved to be effective in suppressing the side reaction to the fission products and
further improved regioselectivity. The combined effect may be ascribed to the difference in surface
polarities of the two catalysts as determined by inverse gas chromatography (IGC) analysis [81].
The more polar PrSO3H/SBA-15 has a greater tendency to retain water formed during dehydration,
which could promote the side reaction pathway resulting in the fission products. The
hydrophobized Oc/PrSO3H/SBA-15 sample, in contrast, may be successful in eliminating water
from the catalyst surface and hence showed an increase in selectivity towards condensation A with
a concomitant decrease in selectivity towards the fission products. A similar water-repelling effect
was observed by Lauwaert et al. [56] for a hydrophobic benzene-bridged organosilica catalyst.
The breakdown into pathway A and B addition and condensation products at different
conversions is illustrated in Figure 2.3d for the catalyst with the highest sulfonic acid loading. It
can be seen that pathway A prevails in the addition step and in sum.

2.3.5.3. Catalyst stability and leaching analysis
Results of recycle and leaching experiments are shown in Figure 2.4. A hot filtration test
(Figure 2.4a) conducted with the most active Oc/0.77-PrSO3H/SBA-15 catalyst shows no
additional benzaldehyde conversion in the supernatant after the catalyst was removed.
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Figure 2.4. Hot filtration and recycle tests for 0.77-Oc/PrSO3H/SBA-15. a)
Benzaldehyde conversion measured for (▪) the supernatant separated by hot
filtration after 20 h and (●) reference tests with catalyst. b) Selectivity and
conversion trends for four consecutive uses of the catalyst. Reaction conditions:
excess 2-butanone, 1.0 M benzaldehyde, 0.1 M hexadecane (internal standard),
140 °C.
This lack of catalytic activity of the supernatant suggests that there is no leaching of sulfonic
acid species from the SBA-15 surface. Recycle experiments (Figure 2.4b) with the catalyst
recovered by centrifugation showed a slight decrease in activity and no change in selectivity over
four batch experiments performed under the same reaction conditions. The color of the solid
catalyst changed from white to dark yellow. The catalyst without octyl groups (0.77-PrSO3H/SBA-
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15) exhibited a similar deactivation behavior. Only a mild regeneration treatment was applied,
consisting of room temperature-washing with toluene and subsequently acetone.

2.3.6. Catalytic performance of metal-substituted zeotypes
2.3.6.1. Effect of nature of metal in BEA framework
The effect of incorporating various metals into the BEA framework on catalytic performance
in aldol condensation is shown in Figure 2.5. To enable comparison of activity per site, a constant
ratio of benzaldehyde to metal sites was maintained in all reactions by adjusting the amount of
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Figure 2.5. Activity and regioselectivity trends for metal-substituted zeotypes.
Reaction conditions: 1.0 M benzaldehyde, 0.1 M hexadecane (internal standard),
140 °C, 20 h, and ratio of benzaldehyde to acid sites (assumed equal to metal
content) of 517:1.
The activity of the catalysts decreased in the order Sn-BEA > Hf-BEA > Zr-BEA > Ti-BEA.
The Lewis acidic BEA zeotypes favored pathway B and were more selective towards condensation
B product. The ratio of condensation products B to A increased with benzaldehyde conversion
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from 1:1 at 15% conversion with Ti-BEA to 7.7:1 at 40% conversion with Sn-BEA. Only traces
of secondary condensation products and fission products were observed with this class of catalysts.
To explain the trend in activity, it must be considered that the dehydration is rate-determining.
There was no correlation of the observed activity (Figure 2.5) with the Lewis acidity, which can
be established from the literature as Sn-BEA > Ti-BEA > Zr-BEA > Hf-BEA [94, 95]. Li et al.
[96] evaluated many properties of various metal cations (excluding hafnium) in the BEA
framework, and these data can be used to establish activity−property relationships. The polarity of
the metal-oxygen bond, which can be quantified by the partial charges on the metal and on the
oxygen, decreases in the order Sn > Zr > Ti and a more polar surface should be better suited to
effect a dehydration. Generally, little difference is expected between zirconium and hafnium
because of the lanthanide contraction. Finally, the activity ranking observed here, Sn-BEA > HfBEA > Zr-BEA > Ti-BEA, differs from that reported by Lewis et al. [46] for the aldol condensation
of benzaldehyde and acetone, which was Zr-BEA > Hf-BEA > Sn-BEA. However, this difference
is easily rationalized by the fact that in the case of acetone, the dehydration proceeds readily, and
the addition is the rate-determining step.
Selectivities in the addition and the dehydration step must be considered separately. The
mechanism of the addition step in metal-substituted BEA zeotypes has been explored by Lewis et
al. [46], who investigated the aldol condensation between benzaldehyde and acetone. The authors
proposed that oxygen bound to the metal atom in the zeolite framework acts as a Brønsted base
that abstracts the α-proton to generate an enolate in the rate-limiting step. The enolate attacks the
carbonyl group of benzaldehyde, which is also activated by the metal. Assuming a similar
activation mechanism for butanone, the involvement of the Brønsted basic oxygen and the
resulting enolate formation would imply that the more acidic and accessible methyl group protons
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are preferentially attacked. However, the high selectivity toward addition product (I) in Figure 2.5
clearly shows that the methylene group of butanone reacts preferentially, indicating that enolate
formation follows thermodynamics, while the dominating catalytic effect is the activation of
benzaldehyde by the Lewis-acidic metal cations.
Regarding the dehydration step, the zeotypes obviously lack the strong Brønsted acid sites [9799] that are needed to effect formation of the condensation product (III). It would appear that
perhaps strongly Lewis-acidic catalysts can also effect this dehydration; for example, BF3
supported on SiO2, converted the same reactants into the branched isomer with a selectivity of
88% [100]. However, since water is a reaction product, the interconversion of Lewis into Brønsted
acid sites cannot be excluded.
The initially somewhat surprising result that metal-substituted BEA zeotypes favor pathway B
and preferentially form the straight chain condensation product is thus not to be ascribed to a basecatalyzed addition step but to the selectivity in the dehydration step.

2.3.6.2. Catalyst stability and leaching analysis of Sn-BEA zeotype
Results of recycle and leach tests are summarized in Figure 2.6. The hot filtration test (Figure
2.6a) conducted with the most active catalyst of this class, Sn-BEA catalyst, showed no additional
benzaldehyde conversion after catalyst removal at 20 h of reaction time. This result confirms that
there is no leaching of active species from the catalyst surface. Recycle experiments (Figure 2.6b)
with the catalyst recovered by centrifugation showed a slight drop in the activity similar to the
SBA-15 catalyst. However, complete recovery in activity was achieved with a calcination
performed between the third and the fourth use.
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Figure 2.6. Hot filtration and recycle tests for Sn-BEA. A) Benzaldehyde conversion
measured for (▪) the supernatant separated by hot filtration after 20 h and (●) reference
tests with catalyst. B) Selectivity and conversion trends over four consecutive uses.
Catalyst was calcined between the third and the fourth use. Reaction conditions: excess
2-butanone, 1.0 M benzaldehyde, 0.1 M hexadecane (internal standard), 140 °C.

2.3.7. Catalytic performance of sulfated zirconia
2.3.7.1. Effect of tuning Brønsted acidity and Lewis acid-base properties in sulfated
zirconia
The turnover frequencies for the formation of pathway A condensation product III, presented
in Figure 2.7a, are almost identical for all sulfated zirconia catalysts. The selectivities and
conversion trends corresponding to the TOFs of Figure 2.7a are illustrated in Figure 2.7b.
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Figure 2.7. Activity and regioselectivity trends for sulfated zirconia. A) TOF for
pathway A condensation product formation normalized to surface sulfate density
(left axis); acid sites as titrated by propylamine chemisorption/TPD (right axis). B)
Conversion and product selectivity trends for catalysts impregnated with different
concentrations of sulfuric acid. Reaction conditions: excess 2-butanone, 1.0 M
benzaldehyde, 0.1 M hexadecane (internal standard), 140 °C.

At similar conversion, lower-sulfate-loading catalysts predominantly formed addition products,
with relatively higher selectivity towards pathway A, whereas among the condensation products,
the pathway B product IV was favored. The selectivity toward condensation product III was found
to increase linearly with acid site loading of the catalyst as indicated by the constant TOF in Figure
2.7a. The ratio of IV/III decreased with increasing acid site density (as measured by n-propylamine
TPD) from 3:1 at 17% conversion with SZ-0.015 to 1:1 at 23% conversion with SZ-0.1.
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As a consequence of the amphoteric nature of sulfated zirconia [84], both pathways, A and B
are equally favored as indicated by the almost similar selectivities towards both addition products
at low sulfate loadings (Figure 2.7). However, the higher selectivities towards the base
condensation product (condensation B) for low sulfate loadings may be the result of the fast
kinetics of the respective dehydration step, as observed for BEA zeotypes. As the sulfate loading
and the number of Brønsted sites increase, the dehydration of both addition products proceeds fast,
and therefore the final product selectivity depends on the addition step. This shift in the relative
rates with catalyst composition could explain the almost equal selectivity towards both
condensation products observed for SZ-0.1.

2.3.7.2. Catalyst stability and leaching analysis
There was no evidence of leaching of active species in the hot filtration test (Figure 2.8a)
conducted with the SZ-0.1 catalyst. No additional benzaldehyde conversion was observed in the
supernatant. Recycle experiments with the catalyst recovered by centrifugation did not show any
significant drop in the activity (Figure 2.8b).
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Figure 2.8. Hot filtration and recycle tests for SZ-0.1. A) Benzaldehyde conversion
measured for (▪) the supernatant separated by hot filtration after 3 h and (●) reference
tests with catalyst. B) Selectivity and conversion trends for four consecutive uses of the
catalyst. Reaction conditions: excess 2-butanone, 1.0 M benzaldehyde, 0.1 M
hexadecane (internal standard), 140 °C.

2.3.8. Selectivities in addition and dehydration step
There are several cases with a selectivity switch between addition and dehydration. Upon close
inspection of the product distribution for Ti-BEA (Figure 2.5), the selectivities for the addition
products suggest pathway A is favored while the selectivities for the condensation products suggest
that pathway B is favored. Similarly, for some of the zirconia samples with low sulfate content
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(Figure 2.7), the amount of pathway A aldol I exceeds that of pathway B aldol II, while the amount
of condensation product IV exceeds that of III. Contradicting conclusions may be drawn
depending on the products considered. However, this result is in agreement with that of Stiles et
al. [16], who investigated the dehydration kinetics of the addition products from benzaldehyde and
2-butanone in NaOH and reported that the rate of dehydration of the linear addition product is
much greater than that of branched addition. Consequently, the switch in the regioselectivity
preference from the branched product in the addition step to the linear product in the condensation
step can be rationalized by considering that the dehydration step becomes rate-limiting. Therefore,
the observed product proportion for the metal-substituted BEA zeotypes and for some sulfated
zirconias appears to be controlled by the kinetics of the respective dehydration steps and not by
the regioselectivity in the addition step.
If dehydration is rate-limiting as discussed above, the overall reaction may be assumed to be
the prototypical case of fast partial equilibria (in enolate generation and addition steps of the
reaction), preceding the rate-determining step in a consecutive reaction at steady state. On applying
the equilibrium approximation to the enolate generation and the addition steps, the rate of
formation of condensation products, III & IV, can be derived. The approach is pertinent to the
zeotype-catalyzed reaction via formation of an enolate intermediate and is described in Equations
(2.1) - (2.4).
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d (III )
= k3 bK eq,1bK eq,2 b [Benzaldehyde] [2-Butanone]
dt

(2.5)

d (IV )
= k3 l K eq,1l K eq,2 l [Benzaldehyde] [2-Butanone]
dt

(2.6)

b
b
b
rIII [III ] k3 K eq,1 K eq,2
=
=
rIV [IV ] k3 l K eq,1l K eq,2 l

(2.7)

The subscripts 1, 2, and 3 in the above equations represent the enolate generation, addition and
condensation steps of the reaction respectively and the superscripts

b and l refer to the branched

and linear products obtained from the two pathways. Equations (2.5) – (2.7) suggest that the
observed regioselectivity of the overall reaction is the result of a combination of kinetic and
equilibrium factors. For the limiting case where Keq values are assumed similar, higher selectivity
observed towards the linear addition product, IV with the metal-substituted BEA zeotypes could
be ascribed to the difference in the relative magnitudes of the k3 values( k3l > k3b ), a result in
agreement with that of Stiles et al. [16].
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The reaction follows a different mechanism in the presence of strong Brønsted acid sites. The
addition reaction proceeds via protonation of benzaldehyde which activates the carbonyl carbon
towards a nucleophilic attack by an enol formed at either of the carbon atoms of 2-butanone via
tautomerization. Furthermore, the intermediate aldol addition products dehydrate rapidly and
therefore, the addition step will be rate determining and the observed condensation product
selectivity depends on the relative amounts of the addition products formed. Numerous reports in
the literature suggest that Brønsted acid catalysts favor condensation at the methylene group due
to the hyperconjugational effects [14, 15]. Consequently, the rate of addition of enol formed at the
methylene carbon is higher than that of the enol formed at the methyl carbon [16]. This mechanism
could explain the higher selectivity observed for the branched condensation product III in the
presence of Brønsted acid sites (Figure 2.3d).
However, this interpretation is in contrast with the results in Refs. [75, 76], on asymmetric
aldol condensation of hydroxymethyl furfural and levulinic acid in NaOH, where linear products
were shown to be predominant in both addition and condensation steps. Therefore, attempts to
formulate generalized rules to predict the likely course of condensation have to be made carefully,
and it has to be expected that the outcome will be a complex function of the nature of the reactants
and the conditions.

2.3.9. Performance summary of the most active catalysts from each family
The results obtained with three different classes of solid catalysts demonstrate that control of
regioselectivity in aldol condensations is principally possible by proper selection of the nature of
sites and can be further optimized by tuning composition and site environment. Table 2.4
summarizes the catalytic performance of the most active catalysts within each of the three
investigated classes of catalysts. Octyl co-functionalized PrSO3H/SBA-15 showed the highest
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selectivity towards the branched product III, whereas Sn-BEA showed the highest selectivity
towards the linear aldol condensation product IV. Sulfated zirconia catalysts were less selective
than the other two classes of catalysts. SZ-0.1 and Sn-BEA were found to be the most stable
catalysts with less than 15% change in the TOF for benzaldehyde consumption calculated after 4
consecutive uses performed with fresh reactants.
Table 2.4. Performance summary of the most active catalyst from each family
Catalyst

App.
TOFa
(h-1)

Selectivity (%)
Branched
product
(III)

Linear
product
(IV)

Decrease in
TOF after 4th
use (%)

0.77-PrSO3H/SBA-15

19.8

65

18

40

Oc/0.77-PrSO3H/SBA-15

18.5

70

19

32

C3H6-NH2/MCM-41

3.5

28

63

25

C3H6-NH-CH3/MCM-41

15.4

15

80

25

Sn-BEA

10.5

19

79

14

SZ - 0.1

6.7

40

38

9

a

Apparent TOF assuming that all sites are accesssible without limitation; calculated at 40%
benzaldehyde conversion with respect to mmol benzaldehyde converted.

The relatively higher loss in activity with 0.77-PrSO3H/SBA-15 and Oc/0.77-PrSO3H/SBA15 may be attributed to the strong adsorption of secondary condensation products, which could not
be removed during the washing procedure. Among these best-in-class catalysts, 0.77PrSO3H/SBA-15 exhibited the highest activity with a maximum apparent benzaldehyde turnover
frequency of 19.8 h-1. This catalyst is less active than benzenesulfonic acid (Figure 2.1), consistent
with the lower acid strength of propylsulfonic acid relative to benzenesulfonic acid [101].
The condensation products were formed irreversibly with a maximum yield of 83% (III/IV,
4:1) at 98.2% conversion of benzaldehyde with Oc/0.77-PrSO3H/SBA-15 and 91.2% yield (IV/III,
4.2:1) with Sn-BEA at 94.3% benzaldehyde conversion.
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The yield of secondary aldol products was relatively low in the presence of solid catalysts as
compared to their soluble counterparts at similar conversions (Figure 2.1). For the zeotypes, this
behavior can be explained with steric restrictions imposed by the small pores. The same
explanation may apply for the SBA-15 materials if the functional groups are assumed to be largely
inside the micropores. Selectivities to secondary products were less than 5%, not allowing a
distinction of the catalysts in this respect. Formation of secondary products was also suppressed
by using butanone in excess, which makes attack of benzaldehyde by the primary condensation
product unlikely. Ketone-ketone couplings (including self-condensation of butanone) were not
significant.
2.4. Conclusions
In summary, aldol condensations involving unsymmetrical ketones with one methyl group can
be steered towards branched or straight carbon chains by appropriate catalyst selection. Evaluation
of the product selectivities for three families of solid catalysts at different conversions elucidated
the importance of nature, hydrophobicity, and confinement of the active sites. Demarcation of
addition and condensation steps allowed for understanding the paths leading to each of the
observed products. The distinct product selectivities characterizing the various investigated
catalysts were found to be a function of the equilibria and kinetics governing the addition and
dehydration steps. The PrSO3H/SBA-15 families presented a clear case with strong Brønsted
acidity dominating the catalytic behavior: branched products were favored in both the addition and
the dehydration step. An increase in acid site density significantly enhanced the activity per site
because of a co-operative effect, which could not yet be completely explained. A side reaction of
the branched addition product resulted in lower yield of the desired product. Suppression of this
pathway with octyl co-functionalization highlights the importance of hydrophobicity of the
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catalyst surface. Reaction pathways on metal-substituted BEA zeotypes were more complex.
Lewis acid-base pairs promoted reaction at both α-carbons of the carbonyl group with a slight
preference towards the branched product in the addition step and a strong preference towards the
linear product in the dehydration step.
Sulfated zirconia catalysts, which are characterized by Lewis base and Brønsted acid sites,
yielded both linear and branched condensation products in almost equal proportions. At low sulfate
contents, addition products reached large concentrations indicating sites capable of dehydration
are lacking. At high sulfate contents, dehydration but also fission proceeded rapidly.
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CHAPTER 3
3. INVESTIGATION OF THE STEREOELECTRONIC EFFECTS ON THE
REGIOSELECTIVITY WITH HOMOGENEOUS AND HETEROGENEOUS AMINE
CATALYSTS
3.1. Background
Amine-functionalized silicas were extensively researched for catalyzing aldol reactions in the
context of biomass upgrading [50, 55, 65, 102]. These reports aimed to optimize the cooperative
effects and improve the catalytic activity. Many authors proposed that the aldol reaction on aminefunctionalized silica is mediated by an enamine intermediate [63, 65, 102]. When butanone, an
unsymmetrical ketone is the reactant, the enamine could be formed at either of the α-carbons thus
affecting the regioselectivity as shown in Scheme 3.1.

Scheme 3.1. Mechanism of enamine formation with 2-butanone and the primary
amine catalyst.
The ability to control the regioselectivity by tuning the stereoelectronic properties of the amine
catalysts is not discussed in the literature. The electronic properties of the amine functional group
can be optimized to increase the basic strength by substitution of electron donating/withdrawing
groups at the α-position to the nitrogen [66]. The substituent on the amine can also exhibit steric
effects which can influence the regioselectivity as discussed in Chapter 1, Section 1.5.1.
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Preliminary results obtained with primary amine catalyst indicated the preferential formation
of linear aldol product only when it is supported on silica but not in its homogeneous form. These
results motivated the investigation of solid amine catalysts to tune regioselectivity.
Cooperative effects are known to play a role in enhancing the activity in solid amine catalysts.
In this chapter, the electronic effects of substrates on the catalyst activity and regioselectivity are
studied by employing a series of para-substituted benzaldehyde derivatives in the aldol reaction
with 2-butanone as shown in Scheme 3.2.

Scheme 3.2. General reaction scheme for aldol condensation pathways with para
substituted benzaldehyde derivatives where X = H, Br, OCH3
Hammett analysis was carried out to systematically investigate the stereoelectronic effects on
the regioselectivity. This analysis is also used as a diagnostic to investigate the influence of
cooperative interactions between the amine functional group and the surface silanol groups on
regioselectivity as shown in Scheme 3.3.

Scheme 3.3. Demonstration of cooperative interaction facilitating the nucleophilic
attack of the enamine, generated by activation of the 2-butanone at the methyl
carbon labelled as Cl, on the aldehyde interacting with a surface silanol.
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3.2. Experimental section
The catalytic tests, reaction products analysis and characterization methods were outlined in
Chapter 2, Section 2.2.1 and 2.2.2. The conversion and product selectivities were calculated using
the equations shown in Appendix A. The errors in the conversion and product selectivities are less
than 4% as shown in Figure A1. Characterization of physical and surface properties of the
functionalized MCM-41 catalysts was performed using the methods described in Section 2.2.4.
Elemental (C, H, N, S) analysis was performed using a CE Instruments (Thermo Electron Corp)
Elemental Analyzer EA 1110 equipped with a TCD at Soil Research Cluster Laboratory (SRCL),
Penn State.

3.2.1. Preparation of MCM-41 support for functionalization
MCM-41 was obtained from ACS material LLC. The catalyst was calcined at 550 °C with a
ramp rate of 1.0 °C min−1 in flowing air for 5 h before functionalization with PrSO3H.

3.2.2. Propylamine (PrNH2) functionalization of mesoporous silica
Four milliliters of aminopropyltrimethoxy silane (APTMS, Sigma) was diluted with toluene in
a 50 ml volumetric flask. One gram of silica material (SBA-15 or MCM-41) was stirred with 24
ml of toluene at 125 °C for 15 min. Six milliliters of the APTMS solution prepared earlier was
added to the silica suspension that resulted in a solution with a total volume of 30 ml which was
then stirred continuously for 24 hours. The resulting functionalized solid was filtered, washed three
times with toluene (Fisher) and dried at 80 °C overnight to prepare the propylamine (PrNH2)
functionalized silica catalyst. [3-(methylamino)propyl]trimethoxysilane (MAPTMS, Sigma) was
used as the precursor for synthesizing PrNH-CH3 functionalized silica catalyst.
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3.3. Results and discussion
3.3.1. Characterization
The textural properties and elemental analysis data of amine-functionalized MCM-41 catalysts
are summarized in Table 3.1. A slight decline in the BJH mesopore diameter was also observed
following derivatization with amine groups. The nitrogen content was determined to be 1.69 wt%
for C3H6-NH2/MCM-41 and 1.94 wt% for C3H6-NH(CH3)/MCM-41 by Elemental (C, H, N, S)
analysis.
Table 3.1. Textural properties of amine-functionalized mesoporous silica catalysts
Surface
areaa
(m2 g-1)

BJH pore
diameter
(nm)

Nitrogen
Contentb
(wt %)

Carbon
Contentb
(wt %)

Acid or base
site loadingc
(mmol g-1)

Parent MCM-41

669

3.2

-

-

-

C3H6-NH2/MCM-41

327

2.8

1.63

7.06

1.02

C3H6-NH(CH3)/MCM-41

380

3.0

1.94

11.2

1.32

Catalyst

a

BET. bCHNS. cCalculated based on the N content from CHNS analysis.

3.3.2. Comparison of catalytic performance of amine functionalized MCM-41 with
homogeneous benchmark catalysts
Figure 3.1 shows the comparison of regioselective performance of primary and secondary
amine functionalized MCM-41 catalysts with that of their homogeneous counterparts. The primary
amine without the silica support in homogeneous reaction exhibited similar selectivity towards
both linear and branched products, that is, no regioselectivity was observed. However, when
functionalized on silica the same primary amine showed higher selectivity towards the linear
product.
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Figure 3.1. Selectivity trends of amine-functionalized silicas and their homogeneous
benchmarks compared at similar benzaldehyde conversion. Reaction conditions:
Excess 2-butanone, 1.0 M benzaldehyde, 0.1 M hexadecane (internal standard), 140
°C. The apparent TOFs of benzaldehyde disappearance, in h-1 are indicated on the
benzaldehyde conversion bars. Benzaldehyde to active site ratio: 250:1

This result however cannot be explained by the formation of the rate-inhibiting imine (Scheme
3.4) with the primary amine, as the imine intermediate can only affect the catalyst activity by
decreasing the concentration of enamine which was ascertained to be a key intermediate in the
mechanism of the aldol reaction involving the addition of aldehyde, as shown in Scheme 3.1 [50].

Scheme 3.4. Mechanism of imine formation with 2-butanone and the primary amine
catalyst.
This inhibitory effect of the imine intermediate is limited to the activity alone and does not
change the rate-limiting step, and hence cannot affect the regioselectivity. The regioselectivity as
discussed in Chapter 1 Section 1.2, is only dependent on the nature of the intermediates and which
among the three elementary steps (tautomerization, addition, and dehydration) is rate-limiting.
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The activity enhancement as seen from the increment in turn over frequency (TOF) from 0.7
h-1 with homogeneous C3H6-NH2 to 3.5 h-1 with C3H6-NH2/MCM-41, its heterogenous counterpart
can be ascribed to the cooperative effect between the silanols and the grafted amine groups. This
result may also explain the improved regioselectivity with the supported primary amine over its
soluble analog. To further investigate the cooperative effect in supported amine catalysts on
regioselectivity trends Hammett analysis is performed which will be discussed in detail in Section
3.3.3.
The TOFs with secondary amine catalysts are significantly higher than those observed with
primary amine catalysts. This result is consistent with the trends in the turnover frequencies (TOFs)
reported in the literature for silica support functionalized with different types of amine groups [65].
This important result was attributed to the exclusive formation of reaction enamine intermediate
with secondary amines and not the reaction inhibiting imine formed only with a primary amine. In
addition, the secondary amine is a stronger base compared to primary amine; the proton affinity of
C3H7-NH-CH3 is 951 kJ/mol whereas that of C3H7-NH2 is only 924 kJ/mol. [103]. This difference
in proton affinity can directly impact the TOF of the rate-limiting step.
Both homogeneous and supported secondary amine catalysts resulted in higher selectivity
towards the linear condensation product compared to that of both primary amine catalysts. The
basic strength of the amine functional group depends on the electronic properties of the substituent
(electron donating/withdrawing groups) present at the α-position to the nitrogen [66]. The
electronic effect of the amine is often coupled with and complicated by its steric effect [104].
Therefore, the improved regioselectivity with the secondary amine catalysts under both
homogeneous and heterogenous conditions towards the linear product can be explained with the
stereoelectronic effects induced by the electron donating methyl group. In contrast to the trend
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observed with primary amines, homogeneous secondary amines resulted in higher selectivity
towards the linear product (92%) compared to its heterogenized analog (80%).

3.3.3. Hammett analysis
To understand if a cooperative effect is the reason for higher selectivity observed with primary
amine supported on MCM-41, Hammett analysis was performed with benzaldehyde derivatives
(4-methoxybenzaldehyde, 4-bromobenzaldehyde, and benzaldehyde) having electron withdrawing
and donating substituents in the para position as the nature of the substituent is reported to strongly
influence the electrophilicity of benzaldehyde and in turn its reactivity [105]. The nature of the
substituent that is electron-withdrawing/donating on the aldehyde can also influence the stability
of the intermediates in the rate-limiting step, and hence the regioselectivity of the reaction [66].
Therefore, to extend the scope of this work to any aldehyde substrate, the amine catalysts
developed were evaluated for the regioselective aldol condensation of a series consisting of
benzaldehyde and its derivatives with varied electronic properties.
The Hammett Equation for chemical reactions affected by the aromatic substituents can be
expressed as the following Equation 3.1 [106].
log

k 
kL
=  p + log  L 
kB
 k B 0

(3.1)

Here  p , the substituent constant is a value specific to the type of substituent and indicates
electron-donating (  p < 0) or electron-withdrawing (+  p > 0) capacity of that substituent relative
to hydrogen.  , the reaction constant is independent of the substituent and depends only on the
reaction type. It measures the susceptibility of the reaction to electronic effects. The ratio of
observed rate constants, (kL/kB), for the formation of linear condensation to that of branched
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condensation can be approximated by the ratio of their concentrations as these products are formed
via two parallel competing pathways from the same starting substrates (i.e., benzaldehyde and
butanone). (kL/kB)0 represents the control when the substituent on the phenyl group is hydrogen.
Figure 3.2 depicts the Hammett plot that shows the effect of the aldehyde substituent’s
electronic properties and the nature of the amine catalyst on the regioselectivity. All the amine
catalysts tested showed a positive slope in the Hammett plot with an increase in electron
withdrawing nature of the substituent suggesting that the benzaldehyde with the more electron
withdrawing group resulted in higher regioselectivity towards the linear product. The
regioselectivity towards the linear product with the amine catalysts decreased in the order C3H6NH-CH3 > C3H6-NH2/MCM-41 > C3H6-NH-CH3/MCM-41 > C3H6-NH2.

1.6
1.4

C3H7-NH-CH3
C3H6-NH-CH3/MCM-41

1.2

C3H6-NH2/MCM-41
C3H7-NH2

log(kL/kB)

1.0
0.8
0.6
0.4
0.2

p-Br

p-OMe
0.0

p-H
-0.27

σp

0

0.23

Figure 3.2. Hammett plot of log(kL/kB) versus σp values of substituents -OCH3, -H
and -Br with homogeneous and supported primary and secondary amine catalysts.
Reaction conditions: Excess 2-butanone, 1.0 M benzaldehyde, 0.1 M hexadecane
(internal standard), benzaldehyde to active site ratio 250:1, and 140 °C.
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As discussed in Chapter 1, Section 1.2, knowledge of the rate-limiting step is crucial to
understand the origin of regioselectivity. To elucidate the rate-limiting step based on the observed
trend in regioselectivity scenarios of each of the nucleophile formation, aldol addition and
dehydration steps being rate-limiting are considered in the analysis shown below. If the addition
step were to be rate-limiting, the rates of formation of the branched and linear products can be
written as shown in equations below.
d [Linear Addn]
= k 2l K eq,1l [p-Ben]
dt

(3.2)

d [Branch Addn]
= k 2 b K eq,1b [p-Ben]
dt

(3.3)

Selectivity =

k 2 l K eq,1l

(3.4)

k 2 b K eq,1b

Where k 2 , and K eq,1 are the rate constants and the equilibrium constants for the formation of
the respective linear and branched enamines in the addition and nucleophile formation steps
respectively. It can be seen from the selectivity expression in Equation (3.4) that the observed
regioselectivity towards the linear condensation product under kinetic control will be due to a
combination of the kinetic and equilibrium factors.
If the K eq,1 values are similar, then the observed regioselectivity would reflect the differences
in the relative magnitudes of the k2 values; i.e., enamine formed at the methyl carbon is more
reactive than the methylene carbon enamine ( k2l > k2b ).
In the scenario when the enamine reactivities are comparable the regioselectivity towards the
linear product reflects the relative proportions of the enamines present, that is, it reflects the
relative values of the K eq,1 values. However, neither the equilibrium constants ( K eq,1 ) nor the
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reactivities ( k 2 ) may be comparable, so that the product proportion would be affected by all the
factors.
In the case of nucleophile formation being rate-limiting, the selectivity will be given by the
equations below:

d [Linear Nu]
= k1l
dt

(3.5)

d [Branch Nu]
= k1b
dt

(3.6)

k1l
Selectivity =
k1b

(3.7)

Where k1l and k1b are the rate constants for the nucleophile formation at the methyl and methylene
carbons respectively. In this scenario described by the Equations (3.5) – (3.7), the selectivity
should be independent of the nature of the aldehyde substrate. However, an increasing trend in
regioselectivity is observed with increase in electron withdrawing nature of the substituent on
benzaldehyde with all the four amine catalysts as shown in Figure 3.1. Hence, the nucleophile
formation step cannot be rate-limiting. The possibility of dehydration to be rate-limiting is
investigated in the selectivity expression below.
d[Linear Condn]
= k3 l K eq,1l K eq,2 l [Benzaldehyde]
dt

(3.8)

d[Branch Condn]
= k3 b K eq,1b K eq,2 b [Benzaldehyde]
dt

(3.9)

kl K l K l
[Linear Condn ]
= 3b eq,1b eq,2 b
[Branch Condn]
k3 K eq,1 K eq,2

(3.10)

Higher selectivity observed towards the linear product with the more basic secondary amine
compared to the primary amine in Figure 3.1 would reflect the difference in dehydration rates (i.e.,
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k3l > k3b ) if all the K eq values in Equation (3.10) are assumed similar. This difference can be
explained if dehydration follows an E1cB elimination mechanism. The higher relative stability of
the secondary anion formed with the linear aldol compared to the tertiary anion formed with the
branched aldol can explain the increased selectivity of the linear condensation product [107]. This
analysis indicates that the dehydration step could be rate-limiting with the amine catalysts.
Therefore, the secondary amine catalyst may be acting as a Brønsted base rather than a nucleophile
to catalyze the dehydration step via E1cB elimination as shown in scheme 3.5 resulting in higher
regioselectivity towards the linear product. According to E1cB elimination mechanism, the linear
aldol with two β-hydrogens can form the carbanion more readily (Scheme 3.5) than the branched
aldol with only one β-hydrogen thus resulting in higher regioselectivity towards the linear
products.

Scheme 3.5. Dehydration of the linear aldol product of 2-butanone and
benzaldehyde via E1cb elimination mechanism showing the formation of carbanion
intermediate and the elimination of the hydroxy group to form the linear
condensation product.
A cooperative effect with supported primary amine catalysts and increased basic strength with
the methyl substitution on the N atom in the secondary amine catalysts resulted in higher
regioselectivity towards the linear product than homogeneous primary amine catalyst.
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3.4. Conclusions
We showed that the Hammett analysis is a useful tool for investigating the influence of
cooperative effects on regioselectivity in aldol condensations with amine-functionalized MCM-41
mesoporous silicas as bifunctional acid-base catalysts. The positive slope in the Hammett plot
suggests that improving the activity of the benzaldehyde with electron-withdrawing para
substituents in the reaction increased the regioselectivity towards the linear product. This
observation is consistent with the cooperative effect, in which the activity of benzaldehyde for
electrophilic addition is improved by the surface silanol groups. Hence, higher regioselectivity
observed with the supported primary amine than its homogeneous analog can be explained with
the improved activity of benzaldehyde, preferentially accelerating the formation of the linear
condensation product. Hammett analysis also indicates that amine catalysts may be acting as a
Brønsted base rather than a nucleophile to catalyze the dehydration step via E1cB elimination
explaining the higher regioselectivity towards the linear product.
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CHAPTER 4
4. INTRAPARTICLE DIFFUSIONAL VERSUS SITE EFFECTS ON REACTION
PATHWAYS IN LIQUID-PHASE CROSS ALDOL REACTIONS
4.1. Background
The fission pathway which was observed as a side reaction in the aldol condensation of
benzaldehyde and 2-butanone in Chapter 2, is similar to the chemistry reported for the first time
in 1938 by Hardy during the aldol self-condensation of acetone as shown in Scheme 4.1. It was
postulated that mesityl oxide (condensation product) undergoes hydrolytic fission in the presence
of phosphoric acid catalyst into isobutene and acetic acid.

(a)
β-Methylstyrene

Acetic Acid

(b)
Isobutene

Acetic Acid

Scheme 4.1. Fission reaction leading to an olefin and a carboxylic acid in the aldol
reaction of a) benzaldehyde and 2-butanone b) two acetone molecules.
The fission has thus far only been observed in vapor phase conversion of acetone and in the liquid
phase aldol reaction between aromatic aldehydes and ketones. The stereoselective preference to
(E)-alkenes [25] and the easy availability of the starting substrates make this reaction very
attractive for chemical synthesis. Therefore, this pathway is further investigated in this chapter
with the goal to identify the factors crucial for optimizing the chemoselectivity towards either
condensation or fission products.
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As discussed in Chapter 1, the mechanistic details of this pathway including the nature of the
site and the direct precursor for the formation of fission products are still unclear. Interestingly as
concluded in Chapter 2, the fission products are formed only with solid Brønsted acid catalysts but
not with their homogeneous analogs suggesting the possible influence of transport limitations.
According to the theory laid out by Wheeler, product distribution obtained in a network of
multiple reactions can be influenced by mass transport limitations due to concentration gradients.
Several factors can influence the ability of the chemical intermediates in a reaction network to
diffuse to and from the active sites including the catalyst pore size, the particle size, acid site
density and reaction temperature. Although it is established that intraparticle concentration
gradients have a considerable effect on the apparent activity and selectivity of porous catalysts, the
effect on activity has received significantly more attention than the effect on selectivity, even
though selectivity is usually the most important variable in industrial operations. The rate of
reaction along the separate pathways in a reaction network can be influenced to different extents
by virtue of the relative abilities of the products and reactants to diffuse through the porous
medium. As shown in Scheme 2.2 in Chapter 2, the reaction network of the cross-aldol
condensation of benzaldehyde and 2-butanone involves several reactions occurring in series and
parallel. Therefore, the three different scenarios described by Wheeler (Scheme 4.2) as type l, type
ll, and type lll, corresponding to different reaction configurations may all be applicable.
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Type l

Type ll

Type lll

Scheme 4.2. Sequential and parallel reactions considered by Wheeler explaining
the influence of transport limitations on selectivity.
For instance, the dehydration was established to be the rate-limiting step in aldol condensation
with Lewis acidic BEA zeotypes. The expression for the regioselectivity (Equation (2.7)), derived in
Chapter 2, will be modified to the Equation (4.1) shown below under diffusion limitations.

 rIII 
[III ] 1rIII 1K eq,1k3
=
=
=
 
l
 rIV observed [IV ] 2rIV 2K eq,2k 4
b

For strong pore diffusion limitations,i ~

1

i

(4.1)

; where i = L

b
rIII [III ] K eq,1 k3 DI
=
=
rIV [IV ] K eq,2 k 4 l DII

2k i
and the selectivity is given by:
rDi

(4.2)

Comparing Equations (2.7) and (4.2), one can see that strong pore diffusion limitations induce
changes to the ratio of rates and thus the regioselectivity according to the diffusivities. Therefore,
when the reaction is in diffusion-limited regime, the fast reaction is retarded to a larger extent than
a slow reaction according to Equation (4.2). The physical interpretation of this mathematical result
in Equation (4.2) is explained by Wheeler [108]. According to his report, in the diffusion-limited
regime, only a small fraction of catalyst surface will be available to the faster of the two reactions
while a larger fraction will be accessible to the slower reaction. Hence, it can be expected that
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narrow pores will lower Type I catalyst selectivity by retarding a fast reaction to a larger extent
than a slow reaction.
Roberts [109] discussed the diffusional resistance effects on reaction selectivity in the case of
parallel reactions with a common reactant. The approximate solution derived for several example
cases of different individual reactions orders in the asymptotic limit can be applied to the reaction
network in this study. The kinetic descriptions of selectivity under both kinetic and diffusion
limited regimes are presented in Equations (4.3) – (4.5) below:
rIII k3 b [I ]a3
= l a5
rV
k5 [I ]

(4.3)

 rIII 
k3 b [I ]a3
 [III ] 
=
= l a5
 

 rIV intrensic  [V ] intrensic k5 [I ]

(4.4)

L
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b

 (C )

a3

dx
 rIII 
 [III ] 
0
=
=
 

L
 rIV observed  [V ] observed k l (C )a5 dx
5 
I
I

(4.5)

0

From the above Equations (4.3) – (4.5), it is clear that product selectivities will be affected if
the kinetic orders of the two competing reactions are different, which is classified as Wheeler Type
II selectivity.
To probe the influence of diffusion limitations on product selectivities, three types of strong
Brønsted acidic catalysts are chosen, resin catalysts characterized by mesopores, sulfonic-acid
functionalized SBA-15 materials with a combination of meso- and micropores, and zeolites with
BEA framework and either only micropores or both meso- and micropores. The influence of
transport limitations on product selectivity is also investigated by varying the reaction temperature
and by comparing with homogeneous catalysis by benzenesulfonic acid.
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4.2. Experimental section
The catalytic tests, reaction products analysis and characterization methods were outlined in
Chapter 2, Section 2.2. The conversion and product selectivities were calculated using the
equations shown in Appendix A. The Weisz-Prater (φw-p) criterion was used to assess the effect
of diffusion limitations on the product selectivity. The procedure to calculate (φw-p) is described in
Appendix B.

4.2.1. In-situ ATR-FTIR spectroscopic analysis of the reaction mixture
In addition to GC analysis, the reaction mixture was spectroscopically analyzed in some
experiments, to obtain the liquid phase composition with high time resolution. A Mettler-Toledo
ReactIR 15 equipped with a DiComp (diamond-composite) attenuated total reflectance (ATR)
insertion probe connected by an AgX (silver halide) fiber conduit to a liquid nitrogen-cooled
mercury cadmium telluride (MCT) detector was used. The ATR probe was inserted into the Ace
pressure tube such that the probe tip remained submerged in the liquid reaction mixture at all times.
IR spectra were collected in the wavenumber range from 2000 to 650 cm-1 every 60 s with an
average of 256 scans per spectrum at a spectral resolution of 4 cm-1. The acquired real-time
continuous spectra were exported to the iC QuantTM module to build a quantitative model for the
prediction of absolute concentrations. Baseline correction and solvent subtraction were applied
before data processing. Calibration was performed using a univariate model by profiling the
characteristic band of benzaldehyde at 827 cm-1 from the spectra of reference reaction standards
collected at various reaction compositions. The quantitative analysis of the data obtained from the
ReactIR is explained in detail in Appendix C.
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4.2.2. Benchmark catalysts
Cross-linked sulfonated polystyrene resins Amberlyst 36 (WET), Dowex 50WX8 (50-100
mesh), Dowex 50WX2 (200 mesh) were obtained from Sigma-Aldrich and served as solid
benchmark catalysts, and benzene sulfonic acid (Sigma-Aldrich 97%) served as soluble molecular
benchmark catalyst.

4.2.3. Synthesis and functionalization of SBA-15
SBA-15 materials with different pore architectures were synthesized according to previously
reported procedures [110]. Twenty grams of Pluronic P123 (Aldrich) was dissolved in 614 ml of
distilled water and 114 ml of 2 M HCl solution by stirring at a temperature of 35 °C. After addition
of 46 ml of tetraethylorthosilicate (TEOS), the contents were transferred to a jacketed reactor,
combined with a second identically prepared batch, and stirred continuously for 22 h at 35 °C. The
resulting gel was divided into four separate batches, which were aged under static conditions in
closed polypropylene bottles. Aging time and temperature were varied to obtain samples with
different meso and micropore dimensions. The following combinations of times and temperatures
were applied: 1 day at 50 °C, 1 day at 80 °C, 2 days at 100 °C, or 7 days at 120 °C. Subsequently,
the solid product was retrieved by filtration, washed with DI water and calcined in static air at 550
°C for 5 h. The samples are denoted as SBA-15 (x °C) where x corresponds to the aging
temperature during the synthesis of the parent SBA-15. The functionalization of the synthesized
batches of SBA-15 was carried out using the procedure described in Section 2.2.1.2.

4.2.4. Synthesis of Al-BEA (Fluoride medium)
The synthesis procedure was adapted from Reference [111]. Two separate solutions were first
prepared that contained 0.01 g of aluminum powder in 3.06 g of tetraethylammonium hydroxide
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(TEAOH) (35%, Alfa Aesar) and 10 g of (TEOS) in 8 g of TEAOH, respectively. The two
solutions were mixed in a PTFE cup and stirred at room temperature until complete evaporation
of water and ethanol. To this mixture, 0.944 ml of hydrofluoric acid (48%, Sigma) was added. The
resulting highly viscous gel was heated in a Teflon-lined autoclave and held at a temperature of
140 °C for six days with 30.0-rpm rotation. The obtained solid was washed, dried and calcined at
550 °C in flowing air for 12 h. This sample is denoted as Al-BEA/F-.

4.2.5. Preparation of Al-BEA (commercial precursor)
The ammonium form of zeolite BEA (CP814E, Si/Al = 12.5) was obtained from Zeolyst. The
catalyst was calcined at 550 °C with a ramp rate of 1.0 °C min−1 in flowing air for 12 h. This
sample is denoted as Al-BEA.
4.3. Results and discussion
4.3.1. Catalyst characterization
4.3.1.1. Resin specifications
Properties of the resins as specified by the manufacturer are summarized in Table 4.1.
Exchange capacity was used to calculate the reactant-to-catalyst ratio. Amberlyst 36 is a
macroreticular resin with invariably accessible internal surface area, whereas the Dowex products
are gel-type resins, which require swelling in a solvent to make the pores accessible.
Table 4.1. Properties of sulfonated cross-linked polystyrene resins as specified by the
supplier
Catalyst
Amberlyst 36
Dowex 50wx8

Exchange capacity,
H+ (eq l-1)
Macroreticular
1.95
Resin type

Gel

1.70
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Mesh
size
-

Particle diameter
(cm)
0.030

50-100

0.010

Dowex 50wx2

Gel

0.60

200

0.004

Dowex 50wx2

Gel

0.60

50-100

0.010

4.3.1.2. Functionalized SBA-15 materials – structure, morphology, texture, and
composition
The small angle X-ray diffraction patterns and N2 adsorption isotherms confirmed the
successful synthesis of the two-dimensional hexagonal lattice (p6mm) of SBA-15 with diffraction
peaks corresponding to (100), (110), and (200) reflections as shown in Figure 4.1.

Figure 4.1. Small angle X-ray diffraction patterns for the four a) SBA-15 and b)
PrSO3H/SBA-15 samples.

A gradual shift of the (100) reflection towards lower angle was observed with aging temperature,
implying an increase in d-spacing. The structure was retained upon functionalization with propyl
sulfonic acid groups.
The rod-shaped morphology of the four SBA-15 samples synthesized at different temperatures
is evident from Figure 4.2a-d. The average particle size in these samples is very similar with only
slight variations in the length and width of the rods. Typical dimensions were 1 µm long and 0.5
µm wide.
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Figure 4.2. SEM images of (a) SBA-15 (50 °C), (b) SBA-15 (80 °C), (c) SBA-15 (100
°C), (d) SBA-15 (120 °C).
The textural properties and elemental analysis data of the parent SBA-15 (x °C) series and the
functionalized derivatives PrSO3H/SBA-15 (x °C) materials are summarized in Table 4.2. The
mesopore size of the SBA-15 sample increased from 4.1 to 7.5 nm with a concomitant decrease in
micropore volume from 0.17 to 0.05 cm3 g-1 upon increasing the aging temperature from 50 to 120
°C. This reduction in the micropore volume is consistent with previously reported observations for
SBA-15 [112]. The walls between the mesopores of SBA-15 precursors consist of an
interpenetrating network of the P123 template’s ethylene oxide chains and silica. Upon calcination,
the template is removed, and the micropores are formed in the mesopore walls. The wall thickness
can be estimated from the pore diameter and the lattice constant, and the SBA-15 samples with the
largest mesopore sizes have thinner walls, resulting in reduced micropore volumes.
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Table 4.2. Textural properties of functionalized SBA-15 catalysts
TGA
BJH
Total
Pore wall
weight loss
Surface
Micropore Micropore
Sulfur Surface
pore BJH pore
thicknessb,
(50-200
Materials areaa
volume
Area
content energy
2Rwall
°C)
2 -1 diameter volume
3 -1
2 -1
-2
(m g )
(cm g )
(m g )
(wt %) (mJ m )
(nm) (cm3 g-1)
(nm)
(H2O,
mmol g-1)
SBA-15
773
4.1
0.53
0.17
381
4.48
85
0.43
(50 °C)
PrSO3H/
SBA-15
699
3.6
0.55
0.10
240
5.19
0.62
0.49
(50 °C)
SBA-15
759
4.9
0.76
0.13
305
5.24
76
0.35
(80 °C)
PrSO3H/
SBA-15
663
4.7
0.77
0.05
115
5.52
0.77
0.42
(80 °C)
SBA-15
861
6.4
1.07
0.07
175
3.37
74
0.19
(100 °C)
PrSO3H/
SBA-15
777
6.2
1.00
0.05
131
3.15
0.62
0.34
(100 °C)
SBA-15
702
7.5
1.62
0.05
126
2.50
55
0.05
(120 °C)
PrSO3H/
SBA-15
460
7.6
1.07
0.02
43
2.39
0.54
0.11
(120 °C)
BET. bPore wall thickness = d-spacing − pore size; d-spacing calculated from the X-ray diffraction data for (100)
plane
a

No specific trend in BET surface area was observed with aging temperature. The samples aged
at lower temperatures (50 °C and 80 °C) were characterized by similar surface areas with an
insignificant increase from 773 m2g-1 at 50 °C to 759 m2g-1 at 80 °C. The surface area then
increased to 861 m2g-1 at 100 °C and decreased to 702 m2g-1 with a further increase in aging
temperature to 120 °C. Contrasting trends for BET surface areas were observed in the literature
for SBA-15 with increase in aging temperature [112-115]. Interestingly, in all these reports the
sample aged at ≈100 °C always exhibited the highest surface area as in the present study. The BET
surface area decreased slightly upon derivatization with PrSO3H groups for all four SBA-15
samples, whereas there were no clear trends in the behavior of mesopore diameter and mesopore
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volume. Microporosity, as determined from t-plot analysis, consistently decreased upon
introduction of PrSO3H groups, indicating functionalization of the inner surface of the micropores.
In more detail, functionalization significantly reduced micropore volume for samples with small
mesopores and high initial micropore volume, and significantly reduced mesopore volume for
samples with large mesopores and small initial micropore volume. This result may signify a shift
in location of the functional groups from preferably in the micropores to partially in the mesopores.
The sulfur content varied from 0.54 wt% (0.17 mmol g-1) to 0.77 wt% (0.24 mmol g-1) without
a recognizable trend (Table 4.2). Acid sites concentrations were assumed to be equal to sulfur
content.

4.3.1.3. Functionalized SBA-15 materials – surface properties
The surface energy values obtained from IGC decreased with increasing aging temperature and
mesopore size, indicating that the surface becomes more hydrophobic. Thermogravimetric
analysis of the catalyst samples was performed to measure the physisorbed water which is weakly
bound to the surface and hence is lost at relatively low temperatures. Therefore, the first weight
loss step observed between 50 °C and 150 °C was used to quantify the adsorbed water content of
the unfunctionalized SBA-15 series. Hydrophilic properties can be considered to scale with the
water content (weight %) of the samples since an H2O/Si-OH ratio close to 1 has been reported for
SBA-15 in the literature [116]. TG traces suggest that the sample aged at 120 °C is the most
hydrophobic in the series as it has the least water loss (1.18%); 50 °C and 80 °C samples have the
highest water losses (6.39 and 6.64%), and the 100 °C sample has an intermediate loss (3.89%). A
similar hydrophobicity trend was observed for the functionalized samples. These consistently
attracted more water than their unfunctionalized counterparts (TGA weight loss values in Table
4.2). This increase in hydrophilicity can be attributed to the polarity of the -SO3H groups.
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DRIFTS analysis was performed to better understand the origins of hydrophobicity of the
SBA-15 series surfaces. The spectra were found to be amenable to quantitative interpretation,
because the area of the H2O (ν+δ) combination band at ≈5260 cm-1 [116, 117], which is
characteristic of physisorbed water, was strictly proportional to the amount of physisorbed water
found by TG as shown in Figure 4.3.
0.40

Band area at 5260 cm-1

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

Physisorbed H2O (mmol g-1)

Figure 4.3. Area of the (ν+δ) H2O combination band at 5260 cm-1 of sulfonic-acid
functionalized SBA-15 (x °C) series versus the concentration of adsorbed water as
determined by thermogravimetry (Table 4.2). DRIFT spectra recorded at 50 °C.
Water content decreases with increasing mesopore diameter.
The silanol groups of the synthesized samples were characterized by absorption bands in the
3800-3000 cm-1 and 4800-4200 cm-1 regions (Figures 4.3), which are in agreement with Ref. [117].
and can be ascribed to stretching and combinations modes ν(OH) and ν+δ(OH). The ν(OH) bands
appearing at ≈3520, 3670, 3710, and 3745 cm-1 can be assigned to H-bonded, internal, terminal,
and isolated silanol groups, respectively [118]. There was no obvious difference in the OH
vibrations between plain and propyl sulfonic acid-functionalized samples. The ν(OH) band of free
-SO3H groups is around 2700-3600 cm-1 [119]; presumably, strong H-bonding prevented
distinction of these vibrations.
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The concentration of unperturbed silanol groups (3745 cm-1) was about equal on all samples
before dehydration (Figure 4.4a). Comparison of spectra recorded before (Figure 4.4a) and after
(Figure 4.4b) removal of the physisorbed water (disappearance of band at 5260 cm-1) shows a
decrease in H-bonding intensity between 3600 and 3000 cm-1 and an increase in isolated silanols
at ≈3745 cm-1, indicating physisorption of water on silanol groups.
There was a clear trend towards fewer H-bonded species with increasing aging temperature
during synthesis, as seen in Figure 4.4. This trend was also evident with unfunctionalized SBA-15
samples.
(a)

(b)

Figure 4.4. DRIFT spectra of PrSO3H/SBA-15 in the 4000 – 5400 cm-1 region. a)
Spectrum of calcined sample recorded at 50 °C. b) Spectrum recorded after
heating sample to 200 °C.
Interacting silanol groups are known to have different reactive properties than isolated silanols,
and hydrophilicity is, at least in part, originating from these groups. Presumably, the H-bonding
silanol groups are located in micropores; at least there is a rough correlation of the intensity of Hbonded species in Figure 4.4b with the micropore volumes in Table 4.2. In summary, DRIFTS
data are in agreement with IGC and TG regarding hydrophilicity, as evidenced by H-bonded OH
groups and by adsorbed water, respectively.
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4.3.1.4. Zeolites and metal-substituted zeotypes – structure, composition, morphology,
and texture
XRD pattern and N2 adsorption isotherm for Sn-BEA are published in Ref.[83]. The XRD
patterns of the final solids showed the typical features of the BEA framework with no other
crystalline phases being present. N2 adsorption isotherms measured at a temperature of 77 K
indicated that micropore volumes were 0.15–0.17 cm3 g−1, consistent with the BEA topology as
shown in Table 4.3.
Table 4.3 Textural properties and composition of zeotype catalysts

Catalyst
Sn-BEA
AlBEA/FAl-BEA
a

Total pore
volume
(cm3 g-1)

Micropore
volume
(cm3 g-1)

Si/metalb
(mol mol-1)

Acid site
loading
(mmol g-1)

0.75

0.32

0.17

126

0.13b

528

0.75

0.26

0.16

42.5

0.28d

563

0.75

0.59

0.15

12.5c

0.62d

Surface
areaa
(m2 g-1)

Pore
diameter
(nm)

488

BET. bDetermined from ICP-OES analysis. c From the manufacturer (Zeolyst), dIsopropylamine TPD.

Lewis acid site concentrations of zeotype catalysts were assumed to be equal to the metal (tin)
content as determined by elemental analysis (ICP-OES), whereas the Brønsted acid site
concentrations of the zeolites were determined by isopropylamine TPD.
The SEM image of the Al-BEA in Figure 4.5a shows agglomeration of the nano-crystallites to
larger particles of various sizes with rough appearance and no distinct boundaries, making it
difficult to estimate the crystal size from the image. This material was characterized by a Type II
isotherm (Figure 4.5c) and considerably higher total pore volume than micropore volume,
consistent with ample void space inside the agglomerates. Diffractograms showed broad
reflections consistent with small crystallites. Synthesis of Al-BEA in a fluoride medium resulted
in smaller particles, with a diameter of ≈1 µm as seen in Figure 4.5b. These particles appeared to
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consist of densely packed, perhaps even intergrown crystallites, consistent with the observed Type
I isotherm and the absence of significant amounts of mesopores. Diffractograms were
characterized by narrow reflections, indicating large crystallites as observed by others [111].

Figure 4.5. SEM images of (a) Al-BEA, (b) Al-BEA/F-, and c) N2 adsorption
isotherms of Al-BEA and Al-BEA/F-.

4.3.1.5. Zeolites – surface properties
The strong band at 3735 cm-1 in the IR spectrum of Al-BEA shown in Figure 4.6 indicates the
presence of a large number of isolated silanol groups, which has been correlated to crystal defects
and surface hydrophilicity by Camber et al.[120]. The decrease in framework Al content by
synthesis in fluoride medium produced a sample with notably fewer defects and silanol groups
implying a higher surface hydrophobicity in comparison to Al-BEA.
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Figure 4.6. IR spectra of dehydrated zeolite samples recorded at 50 °C.
4.3.2. Homogeneous catalysis by benzenesulfonic acid
Benzenesulfonic acid was used as a soluble catalyst to provide a benchmark case without
diffusion limitation. Independent of the conditions, this catalyst promoted Pathway A, consistent
with the regioselectivity reported in the literature. Acid catalysts are known to lead to reaction at
the methylene group and formation of the branched addition product [14, 16]. As can be seen in
Table 4.4, Entries 1 to 4, the selectivity to the addition product decreased with conversion whereas
the selectivity to the condensation product increased, as is expected for an intermediate product in
a series reaction. The regioselectivity of the reaction steadily decreased with increasing
temperature (Entries 5-9).
The selectivity toward fission products was significant only at low conversions when aldols
can be detected (Entries 1-3), suggesting that cleavage of addition products may yield these
products. At high temperatures and high conversions, only traces of fission products were observed
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(Entries 5-6, 8-9). Selectivities to secondary aldol condensation products were less than 5% at all
tested temperatures.

4.3.3. Assessment of diffusion limitations
Possible diffusion limitation was evaluated in several ways, by measuring rates as a function
of particle size and associated calculations of the Weisz-Prater criterion, and by determining the
activation energies. The Weisz-Prater criterion (φw-p) is a critical metric used to determine if the
reaction is limited by intraparticle diffusion. In general, for φw-p<<1 there is no intraparticle
concentration gradient and hence the reaction is not limited by diffusion, whereas φw-p>>1
indicates strong diffusion limitation. The Weisz-Prater criterion was calculated for all families of
catalysts. For the resins, it was assumed that the pore size remains constant. For the SBA-15 series,
calculation of φw-p using mesopore dimensions resulted in a value of much less than one,
suggesting no diffusion limitation in mesopores. Hence micropore dimensions were used to
calculate the Weisz-Prater criterion and quantify the influence of diffusion limitation on product
selectivity. For the zeotypes, the effective diffusivities were very conservatively estimated by
scaling measured diffusivities [121] rather than by calculating diffusivities from molecular
properties and pore dimensions. To evaluate diffusion limitations, the largest species in the
reaction network was assessed, and reported dimensions of benzosuberone were used in lieu of the
(unknown) dimensions of the addition products.

4.3.4. Resin catalysts performance and regimes of diffusion control
The resins are characterized by sulfonic acid groups attached to a benzene ring; thus, their
activity would be expected to be in the same range as that of benzenesulfonic acid. With Dowex
WX2 200 mesh, characterized by the lowest site density and the smallest particle size, a
75

benzaldehyde turnover frequency (TOF) of 33 h-1 was observed versus a TOF of 44 h-1 with the
free acid (at a temperature of 140 °C in toluene). This result suggests that the resin sites were either
slightly less active than benzenesulfonic acid, which could be explained by the +I effect of the
attached alkyl chain (from the polymer) or were not fully accessible. Like their soluble
counterparts, the resins produced predominantly the Pathway A condensation product (Figure 4.7,
Table 4.4) and only a small amount of the Pathway B condensation product.
The rate of conversion of benzaldehyde was compared among commercially obtained
sulfonated cross-linked polystyrene resin beads with identical –SO3H groups but different particle
sizes (0.074 mm - 0.8 mm). Figure 4.7 shows similar conversions with an increasing number of
sites present in the reaction mixture, indicating a decrease in apparent turnover frequency and

Conversion &
Product selectivities (%)

increasingly severe diffusion limitation.
100
80
60

20.2

33

4.5

22.5

40
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0
Dowex wx2 (200 mesh) Dowex wx2 (50-100 Dowex 50wx8 (50-100
Amberlyst-36
(0.074 mm)
mesh)
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(0.6-0.8 mm)
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Benzaldehyde Conversion
Addition A
Addition B
Condensation A
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Figure 4.7. Demonstration of the intraparticle diffusion limitations with sulfonated
cross-linked polystyrene beads. Reaction conditions: solvent; toluene, 3 M butanone,
1 M benzaldehyde, 0.1 M hexadecane (internal standard); 140 °C; 10 hours and
catalyst mass 50 mg. Site densities are 0.6, 1.7 and 1.95 eq/l for Dowex WX2, Dowex
WX8 and Amberlyst, respectively. The turnover frequency (h-1) is indicated on the
benzaldehyde conversion bars.
Calculation of the Weisz-Prater criterion for Amberlyst-36 under these conditions gave a value
of 156, confirming diffusion limitation. With increasing particle size and more severe transport
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limitations, the selectivity towards the branched condensation product (III) decreased with an
associated increase in the fission product (V) selectivity as shown in Figure 4.7.
To further explore the range of diffusion limitations, the apparent activation energy was
determined. The rates measured by in situ ATR-FTIR analysis were used to generate the Arrhenius
plot shown in Figure 4.8. It is evident that there are two different slopes, resulting in different
activation energies Ea. The apparent Ea is 48 kJ mol-1 in the 50–95 °C range, and 23 kJ mol-1 in the
110–140 °C range. The decrease in apparent activation energy with temperature suggests an
increased diffusive resistance and further confirms pore diffusion limitation. The Weisz-Prater
criterion also exceeded a value of one at high temperatures (Table 4.4). Moreover, fission product
selectivity increased as temperature and the values for the Weisz-Prater criterion increased,
suggesting that the fission products are favored over condensation products as diffusion limitations
become more severe.

Figure 4.8. Arrhenius plot of benzaldehyde disappearance rate vs temperature for
Amberlyst 36 between 50 °C and 140 °C. Reaction conditions: Excess 2-butanone, 1
M benzaldehyde, 0.1 M hexadecane (internal standard) and catalyst mass 50 mg.
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4.3.5. Reaction pathways investigated using resin catalysts
4.3.5.1. Origin of the fission product
The significant amounts of fission products that were observed with the resins under diffusion
control made possible the measurement of selectivities over a wide range of conversions to identify
pathways in the reaction network. Cleavage products equivalent to those observed here were
observed in other aldol condensations [21, 29] and several pathways were formulated, a
decomposition of the aldol [21], or a protolytic or hydrolytic cleavage of the condensation product
[21, 22, 92, 122]. To distinguish these possibilities, the Pathway A products were analyzed with
one of the benchmark catalysts, Amberlyst 36. Figure 4.9 shows the benzaldehyde conversion and
the yields of condensation and fission products as a function of reaction time.

Figure 4.9. Dependence of product yields in Pathway A on benzaldehyde
conversion using Amberlyst 36 in 2-butanone. Reaction conditions: 1 M
benzaldehyde, 0.1 M hexadecane (internal standard); excess butanone, 140
°C, catalyst mass 25 mg. Error bars are standard deviations above and
below mean obtained from three repetitions of the same test.
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Benzaldehyde conversion linearly increased with time. Both product yields increased steadily
over time, indicating that neither is an intermediate. The yield of the fission product was
characterized by a rapid initial rise and moderate growth at long reaction times, while the yield of
condensation product was initially low and then grew more significantly over time. By assessing
the product selectivities with conversion of Pathway A condensation product (III) and fission
product (V) for Amberlyst 36 in Figure 4.9, it can be concluded that the fission products are not
formed from the condensation product (III) but only from aldol (I). If they were to form from (III),
the yield of (III) should have significantly decreased with benzaldehyde conversion. However,
from Figure 4.9, the yield of the condensation product (III) increased with benzaldehyde
conversion. These trends suggest the parallel formation of these products from the same
intermediate (as illustrated in Scheme 2.2), rather than the formation of the fission product from
the condensation product.
It is evident that different rate equations must apply for formation of fission and condensation
products if they stem from the same aldol intermediate. Furthermore, a decrease in the
condensation product selectivity and a concomitant increase in the fission product selectivity with
an increase in Weisz-Prater criterion (last column in Table 4.4, Entry 10-15) are observed with
Amberlyst 36. This result suggests that the decrease in the concentration of benzaldehyde at the
protons of Amberlyst 36 due to diffusion limitation greatly suppressed the condensation pathway
resulting in reduced condensation product concentration. Hence, it can be inferred that the
condensation product is characterized by a higher reaction order than the fission product.

4.3.5.2. Effect of adding water on activity and product selectivity
To further corroborate the formation of the fission product from the aldol, the effect of adding
water to the reaction medium prior to the reaction was investigated. Water formed in the
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condensation step has been proposed to participate in the side reaction to fission products [19, 21,
31, 123]. The addition of water in stoichiometric amounts (1:1 to benzaldehyde) strongly
suppressed the rate of benzaldehyde conversion and the rate of formation of the fission products
at both 140 °C and 170 °C, as can be seen from the vastly different reaction times (13 h and 4 h at
140 °C, 13 h and 1 h at 170 °C for reactions with and without water respectively) needed to obtain
similar conversions in Figure 4.10. The detrimental effect of water on the intrinsic reaction rates
of the aldol reaction has been extensively discussed in the literature [124-126]. The reaction rate
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with Amberlyst 36 in the presence of water was lowered by a factor of ≈3.
100
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60
40
20
0
Amberlyst 36 + (1M water)
13 h, 140 °C

Benzaldehyde Conversion
Condensation A
Secondary products

Amberlyst 36
4 h, 140 °C

Amberlyst 36 + (1M water)
13 h, 170 °C

Addition A
Condensation B

Amberlyst 36
1 h, 170 °C

Addition B
Fission A

Figure 4.10. Effect of adding water to the reaction mixture on product selectivities
with Amberlyst 36. Reaction conditions: Excess 2-butanone, 1 M benzaldehyde, 0.1
M hexadecane (internal standard), catalyst mass 50 mg, and optionally 1 M water.
At similar benzaldehyde conversion, the selectivity toward fission A reduced to less than 5%
even at 170 °C, suggesting that the reaction has shifted from diffusion-controlled regime to the
kinetic regime. Another possible explanation for the decrease in reaction rate could be due to the
partial hydration of the acid sites on resin and attenuation of the acid strength to that of H3O+
(transition from general to specific acid catalysis) by the additional water in the reaction mixture.
In any case, these results demonstrate that continuous removal or addition of water can direct the
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reaction toward fission or condensation, respectively; although at the expense of rate if water is
added.

4.3.6. Catalytic performance of pore-expanded functionalized SBA-15 materials
The catalyst pore structure, which will have a strong influence on effective diffusivity of
reactants and products, is different for the functionalized SBA-15 materials than for the resins. The
series of the four PrSO3H/SBA-15 catalysts is characterized by increasing mesopore diameter with
concomitantly decreasing micropore volume, and likely by a preferential location of the acid sites
in the micropores as deduced by the presence of more H-bonded species (3520 cm-1) in the IR
spectrum for the sample with higher micropore volume in Figure 4.4. The effect of changing the
pore architecture on the catalytic performance is shown in Figure 4.11. The sites in the samples
with larger mesopore diameters were characterized by slightly smaller turnover frequencies, that
is, the conversion was slightly lower at equal reactant-to-site ratios and similar reaction times.
Comparison of selectivities at similar conversion provides insights into the reaction pathways
leading to different products. All these catalysts preferentially yielded the branched (Pathway A)
condensation product, the associated fission products, and undesired secondary aldol condensation
products formed through nucleophilic attack of another molecule of benzaldehyde by α,βunsaturated ketones. The selectivity towards the fission product decreased in the order
PrSO3H/SBA-15 (50 °C) > PrSO3H/SBA-15 (80 °C) > PrSO3H/SBA-15 (100 °C) > PrSO3H/SBA15 (120 °C). This increase in fission product selectivity with a decrease in mesopore diameter
suggests that the fission reaction is promoted in the catalyst with smaller mesopore diameter and
a higher micropore volume due to diffusion limitations. Calculations of the Weisz-Prater criterion
(φw-p) resulted in values greater than one (indicated on benzaldehyde conversion bar in Figure
4.11) only when the micropore dimensions were used. φw-p calculated using mesopore dimensions
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resulted in a value of much lower than one indicating that the reaction is diffusion limited in the
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micropores of these catalysts but not mesopores.
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191

56

59
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0
PrSO₃H/
SBA-15(50 °C)
Benzaldehyde Conversion
Condensation A
Secondary products

PrSO₃H/
SBA-15(80 °C)
Addition A
Condensation B

PrSO₃H/
SBA-15(100 °C)

PrSO₃H/
SBA-15(120 °C)
Addition B
Fission A

Figure 4.11. Effect of increasing mesopore diameter and decreasing micropore
volume on product selectivity for aldol condensation over PrSO3H/SBA-15. Reaction
conditions: 3 M butanone, 1 M benzaldehyde, 0.1 M hexadecane (internal standard);
140 °C, and ratio of benzaldehyde to acid sites of 517:1. Reaction time 8 h. The
Weisz-Prater number is indicated on the benzaldehyde conversion bar. Error bars
represent one standard deviation above and below mean obtained from three
replicate tests.
PrSO3H/SBA-15 (120 °C) yielded a relatively higher amount of secondary condensation
products. The mesopore channels in all samples are wide enough to accommodate these products,
and the pore size should not affect the yield. An increase in secondary condensation products with
increasing aging temperature during synthesis could be the result of a higher number of sites in the
mesopores space as the micropore space decreases with increasing aging temperature.

4.3.7. Catalytic performance of zeotypes and zeolites with BEA structure
Two H-form zeolites with BEA structure were investigated to follow the aldol reaction
pathways catalyzed by active sites located exclusively in micropores. The catalytic performance
of both commercially obtained Al-BEA and Al-BEA/F- with reduced connectivity defects
synthesized in fluoride medium is presented in Figure 4.12. These materials differ with respect to
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the size of the primary microporous crystallites, which are large in Al-BEA/F-, and with respect to
mesoporosity, which is only present in Al-BEA. Al-BEA/F- synthesized in fluoride medium
exhibited much higher activity with a TOF of 40 h-1 than the commercially obtained Al-BEA with
a TOF of only 8 h-1. The expected product of the aldol condensation reaction in the presence of
Brønsted acid sites is the Pathway A condensation product (III), as seen for PrSO3H/SBA-15, but
the yield of this product was small for both catalysts Al-BEA and Al-BEA/F-. Evidently, both
aldols I and II were formed, and aldol I fission to β-methyl styrene (favored over dehydration)
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competed with dehydration of aldol II to the linear condensation product (IV).
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Al BEA

Addition A
Condensation B
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Fission A

Figure 4.12. Comparison of activity and product selectivities for Al-BEA/F(synthesized in fluoride medium) and Al-BEA. Reaction conditions: Excess
butanone, 1 M benzaldehyde, 0.1 M hexadecane (internal standard); 140 °C, and
ratio of benzaldehyde to aluminum sites was 385:1. Reaction times were 3 h and 16 h
for Al-BEA/F- and Al-BEA, respectively. The Weisz-Prater number is indicated on
the benzaldehyde conversion bar.
The regio- and chemoselectivity of Al-BEA zeolites present a unique situation: both Pathways
A and B occur, where A results exclusively in fission products. The intermediate aldols (I) and (II)
have about the size of the cavities in the BEA framework, making possible both configurational
diffusion-controlled selectivity, which arises due to the large differences in the diffusivities of
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differently sized reaction products [108, 109] and transition-state shape selectivity, which arises
due to differences in size and structure of the reaction complexes [127, 128]. However, the
structure of the intermediates for fission and dehydration are not known. At least, it can be
excluded that site cooperativity promotes fission. The site density in commercial Al-BEA is higher
than in Al-BEA/F-, but less fission product is obtained than with Al-BEA/F-. Another peculiar
trend is that the benzaldehyde TOF is higher for Al-BEA/F- than for Al-BEA, although the
crystallites of Al-BEA/F- are much larger. Sites were determined by isopropylamine TPD and
should accurately reflect strong Brønsted acid sites; hence, this effect will require further
investigation. In any case, H-form zeolites are promising candidate catalysts for promotion of the
fission pathway.

4.3.8. Wheeler Type II selectivity
There is significant evidence that under conditions of diffusion limitation, the sulfonic acidfunctionalized materials start catalyzing fission rather than dehydration of aldol (I), deviating from
the preferred pathway seen in homogeneous catalysis with benzenesulfonic acid. Various criteria
and often more than one indicated diffusion limitation: a Weisz-Prater criterion far above 1 (Figure
4.11, Table 4.4, entries 12-15), an activation energy typical of diffusion control (Figure 4.8), or a
lower turnover frequency (Figure 4.7 and 4.9). This shift in selectivity can be understood on the
basis of Wheeler type ll selectivity scenario as shown in Scheme 4.2 and discussed in the
introduction. Figure 4.9 suggests that the formation of Pathway A fission products proceed with a
lower order compared to dehydration products, and the relative selectivities towards these
products, observed in the diffusion-controlled regime are in line with the theoretical predictions.
Mechanistically, the acid-catalyzed dehydration is expected to proceed via an E1 type of
mechanism, which would be first order in the aldol. The fission could be an E1 or an E2 mechanism
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both of which would be first order in the aldol. Observed orders under diffusion limitation may
differ from the real orders, making it difficult to align the observed kinetics with a simple
mechanistic picture.

4.3.9. Effect of particle size and pore size and the possible influence of site cooperativity
or hydrophobicity
Using a catalyst with large particles and small pores in conjunction with adequate conditions,
that is, operating in the diffusion-limited regime, is equivalent to starting the reaction with a high
concentration of Addition A, since the effective concentration of Addition A surrounding the site
of reaction is increased in both these instances. Thus, the intraparticle diffusion resistance can be
used as an advantage to direct the reaction towards fission pathway and thereby improving the
selectivity towards fission A (β-methyl styrene).
The effect of larger particle size is seen well with Amberlyst-36 (Figure 4.7); the effect of site
location in micro- or mesopores is seen with the PrSO3H/SBA-15 samples (Figure 4.11). The
pronounced decrease in micropore volume upon functionalization suggests that micropores are
populated with -SO3H groups. As a result, an increase in selectivity towards Pathway A fission
products was observed, consistent with Wheeler Type ll selectivity, with increasing micropore
volume in the PrSO3H/SBA-15 series. The calculated Weisz-Prater number (φw-p) indicated in
Table 4.4 and Figure 4.11 confirm the association of fission product selectivity with diffusion
limitation. Finally, the correlation of fission product selectivity with observable aldol
concentrations (Table 4.4) is consistent with different reaction orders (Wheeler Type II, also seen
in Figure 4.9).
It is worth discussing if an alternative interpretation is viable for these data sets, namely that
site cooperativity leads to fission. Site density in the resins in Figure 4.7 increases concomitantly

85

with particle size and presumably increases in Figure 4.11 with decreasing SBA-15 mesopore size
and increasing micropore volume. It has been reported that cooperativity in sulfonic acid resins is
observed at acid loadings as high as those applied here (5.4 mmol g-1) [125]. However,
cooperativity should not play a role in homogeneous catalysis; nonetheless, fission product was
formed (Table 4.4, Entries 1-3, 7), suggesting that cooperativity is not needed.
Another parameter that could affect the selectivity is the overall hydrophobicity. Previous
results with a series of sulfonic acid-functionalized SBA-15 samples with different sulfur loadings
and with or without octyl co-functionalization demonstrated that the hydrophobicity imparted by
the octyl group reduced selectivity toward the fission product. A similar effect could be at play
here. As the mesopore size increases with increasing aging temperature, the surface becomes more
hydrophobic (Table 4.2 and DRIFT spectra in Figures 4.3); and water may be rejected by the more
hydrophobic surface, favoring dehydration rather than fission. However, this interpretation is in
contrast with the results obtained with Al-BEA zeolites (Figure 4.12), where the fission product
was obtained with a higher selectivity for the more hydrophobic Al-BEA/F- at similar conversion,
therefore the observed product selectivity is determined by factors other than surface
hydrophobicity of the catalyst.

4.3.10. Effect of temperature on selectivity
Product selectivities were examined in a wide range of temperatures across all families of
catalysts. The results are shown in Table 4.4. The effect of temperature on selectivity in the absence
of any spatial constraints was explored with benzene sulfonic acid. This catalyst led to fission
products only at low conversions (Entries 1-3, 7). At higher temperatures, the catalyst was slightly
less selective towards Pathway A condensation products and more selective towards Pathway B
condensation products, whereas the formation of fission products was independent of temperature.
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Table 4.4 Effect of conversion and temperature on product selectivity in excess
butanone
Addition

Entry
Temp.
(°C)

Catalyst

1
2
3
4
Benzene
sulfonic
acid

Amberlyst 36

Sn-BEA
a

25

50

Benzaldehyde
Conversiona A (%)
(%)

Condensation
Fission
(%)
φw-p

B (%) A (%) B (%)

3.5

5.4

0.6

70

11

14

-

34.1

4.85

1.9

72

15

5

-

10.5

1.6

0.2

73

13

12

-

50.7

0.3

0.2

83

14

1

-

5

80

77

0

0.1

84

14

0.3

-

6

110

79

0

0.2

80

17

0.1

-

7

140

16

0.7

0

76

16

4

8

140

80

0

0.1

78

19

0.2

-

9

170

78

0

0

71

25

0.3

-

10

50

71

13

0.3

80

6

0.5

0.6

11

80

54

9

0.9

76

12

2

17

12

95

62

2

0

81

13

3

32

13

110

74

1

0.2

77

17

5

54

14

140

81

0.4

0.1

62

19

17

97

15

170

70

0.3

0.2

42

19

37

242

16

110

26.5

33

2

6

59

0

6

17

140

31

14

4

9

72

1

19

18

170

25.5

4

4

9

82

1
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Benzaldehyde conversion was varied by adjusting the reaction time between 1 to 36 h
In contrast, the solid catalyst Amberlyst 36 (Figure 4.9, Table 4.4 Entries 10-15) exhibited

significantly higher selectivity towards fission with increasing temperature and benzaldehyde
conversion. For Sn-BEA, a Lewis acidic zeotype, the fission product was not observed, not even
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at elevated temperatures. These results suggest that fission is catalyzed by solid Brønsted acidic
catalysts only. Furthermore, Pathway B condensation product (IV) was the preferred product at all
temperatures with Sn-BEA, consistent with the conclusion that dehydration step is ratedetermining. Calculation of the Weisz-Prater criterion (last column in Table 4.4) suggests that at
higher temperatures, the heterogeneously catalyzed processes became transport-limited, which in
the case of Amberlyst-36 is consistent with the two slopes seen in the Arrhenius plot (Figure 4.8).
4.4. Conclusions
The reaction network of a cross aldol condensation with an unsymmetrical ketone was
elucidated; and the parameters directing regioselectivity and chemoselectivity were investigated
by varying surface functionality and texture of the catalyst and the reaction conditions. The
aldolization of benzaldehyde and 2-butanone can principally produce a branched (reaction at CH2- of butanone) or a linear (reaction at -CH3) addition product, and corresponding condensation
products. Fission of the aldol or the condensation product to an olefin and a carboxylic acid is a
possible pathway well known for the aldol reaction of acetone.
It was found that strong soluble or solid acids produce mainly the branched condensation
product. This result is consistent with fast dehydration catalyzed by the strong acid, and,
consequently, regioselectivity is determined by the preferred formation of the branched aldol. In
the absence of strong acid sites, the linear condensation product predominates since dehydration
of the respective aldol is facile, consistent with earlier observations in the literature.
Sulfonic acid-functionalized resins and SBA-15, like benzenesulfonic acid, yielded
predominantly the branched condensation product, unless transport limitations became significant.
The reaction could be moved in and out of the transport limitation regime by varying particle size,
pore size, temperature, or water concentration. An interesting shift of selectivity was observed
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under diffusion limitation, namely the fission of the branched aldol into β-methyl styrene and
acetic acid was promoted, which could be explained with Wheeler Type II selectivity.
H-form zeolites presented a unique product distribution; β-methyl styrene and linear
condensation product indicated that fission of the branched aldol competed with dehydration of
the linear aldol. Large crystallites of BEA promoted the fission pathway. It is proposed that steric
restrictions suppressed the dehydration of the branched aldol.
The findings demonstrate that both regio- and chemoselectivity in solid-catalyzed aldol
reactions can be directed by choosing catalyst materials with appropriate surface functionality and
texture.
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CHAPTER 5
5. KINETIC INVESTIGATION INTO THE CHEMOSELECTIVITY IN LIQUIDPHASE CROSS-ALDOL REACTIONS
5.1. Background
In Chapter 4 the reaction conditions and catalysts that favor both fission and condensation
pathways were investigated. The primary results from Chapter 4 indicated a shift in
chemoselectivity towards the fission pathway under diffusion limitations consistent with the
Wheeler type ll scenario (parallel reactions proceeding with different reaction orders). Estimating
the apparent reaction orders can provide valuable information about the reaction mechanism
(concerted or multistep) and aid in a better choice of catalysts and reaction conditions to control
chemoselectivity in aldol reactions. Al-BEA zeolites explored in Chapter 4 resulted in fission
products only in the branched pathway (Pathway A of Scheme 2.2) and not in the linear pathway
(Pathway B of Scheme 2.2). In order to understand the influence of alkyl branching on the
chemoselectivity towards the fission pathway, ketone substrates with varying degrees of branching
were investigated.
Even though reaction parameters favoring the fission pathway were identified in Chapter 4,
the mechanism of this pathway is not established yet and a variety of conflicting mechanism are
proposed in the literature. Herrmann et al. [18] studied the aldol self-condensation of acetone on
MFI zeolites with different proton densities (Si/Al ratios) and reported two parallel β-scission
pathways: the acid-catalyzed β-scission of ketol species and the free radical β-scission of C6alkenone/C6-alka-diene-ol species. They further report a radical pathway to be dominant for the
fission reaction owing to the stabilization of the transition states in the empty voids that mediate
the propagation of radicals forming isobutene.
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Li et al. [67] studied the aldol condensation of acetone on ZnxZryOz catalyst and proposed that
isobutene (fission product) is formed from the decomposition of 2,6-dimethyl-2,5-heptadien-4-one
(phorone- A, secondary condensation product).
In 1990, Shinji et al. [27] described a novel BF3 etherate catalyzed one-pot tandem aldol
condensation-Grob fragmentation leading to fission products. Recently, Kabalka and co-workers
[23-26] expanded on this work by studying the aldol-Grob reaction of ketones with aromatic
aldehydes in the presence of different Lewis acids, solvents and substrates on the reaction pathway.
The proposed mechanism followed the formation of the mixed aldol, succeeded by the formation
and subsequent ring opening of a lactol as shown in Scheme 5.3. According to the proposed
mechanism the fission products formed from the aldol addition product, via a two-step Grob
fragmentation sequence [129].
In order to address the conflicting reports on the mechanistic details of the fission pathway and
the properties of the catalysts favoring this pathway, the chemoselectivity towards the fission
pathway was investigated in this chapter by studying the aldol reaction of benzaldehyde and a
variety of ketones with a different number of α-hydrogens. 2,4,-Dimethyl-3-pentanone was used
to probe the origin of the fission products. This ketone has only one hydrogen in the α-position,
which eliminates the possibility for dehydration upon reaction with benzaldehyde. The aldol
reaction between 3-pentanone and benzaldehyde was studied in the kinetic regime using propyl
sulfonic acid functionalized MCM-41 to gain insights into the mechanism of the fission pathway.
3-Pentanone was particularly chosen to focus on the chemoselectivity observed in the branched
pathway of 2-butanone in Chapter 4; unlike 2-butanone, 3-pentanone is a symmetrical ketone and
can form the branched pathway products only and can thus allow for exclusive investigation of the
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fission and condensation pathways. The goal was to develop a kinetic model using the postulated
reaction network for the aldol reaction of 3-pentanone and benzaldehyde, as shown in Scheme 5.5.
which can accurately describe the trends for experimentally obtained concentrations consistent
with the hypothesis of parallel reaction pathways resulting in the formation of fission and
condensation products.
It is important to model the kinetics of heterogeneous catalytic reactions accurately using data
free from heat and mass transfer effects. The lack of experimental data and uncertainty in
estimating effective diffusivities in SBA-15 with bimodal pore distribution and resin catalysts
which swell in the reaction medium, deemed the assessment of diffusion limitations using WeiszPrater criterion ambiguous. Therefore, MCM-41, a mesoporous inorganic support with uniform,
stable pore size is used to evaluate the diffusion limitations and optimize the conditions for kinetic
control.
This chapter provides a mechanistic understanding of the fission and condensation reaction
pathways through the investigation of benzaldehyde (limiting reagent) initial concentration,
reaction temperature, nature of the ketone, zeolite framework structure and proton density (Si/Al
ratio).
5.2. Experimental section
The catalytic tests, reaction products analysis and characterization methods were outlined in
Chapter 2, Section 2.2. The conversion and product selectivities were calculated using the
Equations A1 and A2 shown in Appendix A.

5.2.1. Catalyst synthesis
Phosphoric acid (Acros Organics >95%) and benzene sulfonic acid (Sigma-Aldrich 97%)
served as soluble molecular benchmark catalysts. MCM-41 was obtained from ACS material LLC.
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The catalyst was calcined at 550 °C with a ramp rate of 1.0 °C min−1 in flowing air for 5 h before
functionalization with PrSO3H. The ammonium forms of zeolites including BEA (CP814E, Si/Al
= 12.5), FAU (CBE 712, Si/Al = 6), MOR (CBV 21A, Si/Al = 10), MFI (CBV 8014, Si/Al = 40)
and proton forms of zeolites FAU (CBE 720, Si/Al = 15), FAU (CBE 760, Si/Al = 30), FAU (CBE
780, Si/Al = 40) were obtained from Zeolyst. The ammonium forms of zeolite catalysts were
calcined at 550 °C with a ramp rate of 1.0 °C min−1 in flowing air for 12 h before using in reactions.

5.2.2. Propyl sulfonic acid (PrSO3H) functionalization of MCM-41
The functionalization was performed following the procedure outlined in Section 2.2.1.2.
5.3. Results and discussion
5.3.1. Catalyst characterization
5.3.1.1. Functionalized MCM-41 materials – texture and composition
The textural properties and elemental analysis data of the parent MCM-41 and the
functionalized derivatives PrSO3H/MCM-41 are summarized in Table 5.2.
Table 5.1. Textural properties of mesoporous silica materials
Materials

BET Surface
area
(m2 g-1)

BJH pore
diameter
(nm)

Total BJH
pore volume
(cm3 g-1)

S content
(mmol g-1)

MCM-41

669

3.2

0.54

-

PrSO3H/
MCM-41

519

3.0

0.48

0.90

The mesopore diameter of the MCM-41 sample is 3.2 nm. No microporosity was detected. The
BET surface area decreased slightly upon derivatization with PrSO3H groups, with a concomitant
loss of total pore volume as determined from the t-plot analysis. A slight decline in the BJH
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mesopore diameter was also observed following functionalization with propyl sulfonic acid
groups. Acid sites concentration was assumed to be equal to sulfur content.

5.3.1.2. Zeolite specifications
Properties of the zeolite catalysts including the nomenclature used to denote each sample used
in the present study are summarized in Table 5.1. Acid site density was calculated based on the
Si/Al ratio assuming each Al contributes to a single Brønsted acid site. The void structures are
described by two size metrics in Table 5.1: (i) the largest inscribed sphere (largest cavity diameter)
and (ii) the largest sphere that can traverse each framework (pore-limiting diameter); both metrics
are derived from crystallographic data [130]. MOR has unidirectional channels and does not have
any cavities. BEA and FAU have cavities at the intersections of pore channels. HY zeolite with
different Si/Al ratios were also tested.
Table 5.2. Properties of zeolites

a

a

Acid site loading
(mmol g-1)

Pore-limiting
diameter
(nm) [130]

Largest cavity
diameter
(nm) [130]

Catalyst

Si/Al

HMOR

10

1.4

0.63

0.63

HBEA

12.5

1.18

0.60

0.70

HZSM 5

40

0.40

0.46

0.7

HY (6)

6

2.2

0.73

1.2

HY (15)

15

1.0

0.73

1.2

HY (30)

30

0.53

0.73

1.2

HY (40)

40

0.40

0.73

1.2

From the manufacturer (Zeolyst).
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5.3.2. Precursor for the fission pathway products - 2,4-dimethyl-3-pentanone reaction
Recent reports on fission chemistry suggest that the fission products were predominantly
formed from the hydrolytic cleavage of primary and secondary aldol condensation products
formed after the dehydration of their corresponding β-hydroxy ketone intermediates [18, 67]. In
order to investigate the validity of these findings, 2,4-dimethyl-3-pentanone was chosen as the test
reactant for this study. This ketone substrate has only one hydrogen in the α-position, which
eliminates the possibility for the dehydration pathway upon reaction with benzaldehyde as shown
in the Scheme 1.6 in Chapter 1, and throws light on the direct precursor for the formation of the
fission products from aldol substrates.

Scheme 5.1. Possible mechanism of hydrolytic cleavage of aldol addition product.
Figure 5.1 shows the conversion and product selectivities obtained in the aldol reaction of
benzaldehyde and 2,4-dimethyl-3-pentanone with both homogeneous (H3PO4 and benzenesulfonic
acid) and heterogeneous catalysts (HY and PrSO3H/MCM-41). The detection of fission products
even in the complete absence of both primary and secondary aldol condensation products suggests
that the fission products are formed directly from the β-hydroxy ketone intermediate. Indeed, the
high selectivity of fission products (lll) observed in Figure 5.1 at near complete conversion of
benzaldehydes suggests that the fission products are formed from addition product, and water
might not play a role in the formation of fission products. However, the role of water cannot be
completely ruled out as the trace amounts of water present in the reaction mixture might lead to
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the cleavage of aldol addition product according to the proposed mechanism shown in Scheme 5.4

Benzaldehyde conversion &
product selectivities (%)

to give fission pathway products.
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0
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Benzaldehyde Conversion

H3PO4
H3PO4
Addition A

Ph-SO3H
Ph-SO3H
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Figure 5.1. Conversion and product selectivities in the aldol reaction of 2,4 dimethyl
3-pentanone. Reaction conditions: Excess 2,4-Dimethyl-3-pentanone, 1 M
benzaldehyde, 0.1 M hexadecane (internal standard); 140 °C; 10 hours and catalyst
mass 20 mg of PrSO3H/MCM-41 and HY (40) and 10 mg of H3PO4 and Ph-SO3H.

The higher selectivity in Figure 5.1 observed with HY (40) in comparison to propylsulfonic
acid functionalized MCM-41 at similar benzaldehyde conversion suggests that HY (40) is more
effective in catalyzing the fission pathway. This difference in selectivity trends may be ascribed
to the ability of the catalyst confining void in stabilizing the transition state leading to the fission
pathway. This stabilization is shown to be a result of van der Waals interactions between the
framework and the confined organic moieties [18]. The smaller voids in HY (0.7 nm) might be
able to effectively stabilize the transition state involved in the fission pathway as compared to
MCM-41 which has relatively larger voids (3.2 nm).

5.3.3. Principal products
Scheme 5.5 shows the reaction pathways in the cross-aldol condensation of 3-pentanone and
benzaldehyde. The reaction at either of the α-carbons of 3-pentanone leads to the same addition
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product (aldols I), which can dehydrate to give the condensation products II or undergo cleavage
to give fission products III and IV.

Scheme 5.2. Reaction network for aldol condensation of 3-pentanone and benzaldehyde.
5.3.4. Effect of acid strength on fission products selectivity in the aldol reaction between
3-pentanone and benzaldehyde
The effect of acid strength on the fission pathway was investigated by employing homogeneous
phosphoric acid and benzene sulfonic acid catalysts. The difference in the selectivities observed
with these homogeneous catalysts as shown in Figure 5.1 is a direct result of the difference in their
pKa values. The stronger H3PO4 with a higher pKa value of 2.21 [131] for its first proton resulted
in higher fission product selectivity compared to the relatively weaker benzenesulfonic acid with
a pKa of 2.554 [131], even though the gas phase deprotonation energy of H3PO4 is higher than that
of benzenesulfonic acid. The effect of acid strength on the product selectivity in the aldol reaction
with 3-pentanone and benzaldehyde is shown in Figure 5.2. 3-Pentanone has two hydrogens at
each of the  carbon atoms and hence does not suppress dehydration like 2,4-di-methyl-3pentanone. In this case, the homogeneous acid catalysts showed higher selectivity for the
condensation pathway over the fission pathway at all the temperatures compared in Figure 5.2.
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Figure 5.2. Effect of acid strength on product selectivity compared at similar
benzaldehyde conversions and different reaction temperatures. Reaction conditions:
Excess 3-pentanone, 1 M benzaldehyde, 0.1 M hexadecane (internal standard); 140
°C, benzaldehyde to catalyst ratio 10:1.
A similar effect of acid strength was observed for 2-pentanone substrate on the fission product
selectivity as that of the 2,4-dimethyl-3-pentanone in Figure 5.1, where a relatively stronger H3PO4
resulted in higher fission product selectivity. From Figure 5.2, it can also be noted that the aldol
intermediate is absent with H3PO4. This result suggests that the combined rates of dehydration
and fission are higher for H3PO4 than for benzenesulfonic acid at all the reaction temperatures
tested owing to the higher acid strength of H3PO4 as given by its pKa value.

5.3.5. Effect of reaction conditions
5.3.5.1. Effect of initial benzaldehyde concentration
The sulfonic acid functionalized MCM-41 catalyst was used to probe the elementary steps for
the aldol reaction of benzaldehyde and 3-pentanone. Concentration profiles of the various reaction
products and selectivities as a function of benzaldehyde conversion at varying initial
concentrations of benzaldehyde are discussed in this section.
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Figure 5.3 depicts the concentrations of the different products as a function of time at various
initial benzaldehyde concentrations at 120 °C.
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Figure 5.3. Effect of initial benzaldehyde concentration and time on concentrations
of a) benzaldehyde b) addition product c) condensation product d) fission product.
Reaction conditions: Excess 3-pentanone, varied concentation of benzaldehyde, 0.1
M hexadecane (internal standard); 120 ◦C, catalyst mass 20 mg.
Addition product concentrations increased to a maximum value at short reaction times (< 200
min) and then decreased with time at all initial benzaldehyde concentrations (0.5 – 2.0 M)
examined. Both fission and condensation product concentrations increased with reaction time,
consistent with the behavior of parallel reaction pathways resulting in fission and condensation
products. A consistent increase was observed in the condensation product concentration with
increasing initial benzaldehyde concentration, which is not as evident in the fission product
concentration trend. This result implies a stronger dependence of condensation product
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concentration on the initial benzaldehyde concentration in comparison to the fission product
concentration. This result also points towards the different molecularity of the transition states for
the reaction steps that form fission and condensation products. Figure 5.4 shows the concentrations
of the different products as a function of time at various initial benzaldehyde concentrations at a higher
temperature of 150 °C.
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Figure 5.4. Effect of initial benzaldehyde concentration and time on concentrations
of a) benzaldehyde b) addition product c) condensation product d) fission product.
Reaction conditions: Excess 3-pentanone, varied concentration of benzaldehyde, 0.1
M hexadecane (internal standard); 150 ◦C, catalyst mass 20 mg.
The effect of initial benzaldehyde concentration on the fission product concentration is more
pronounced at this higher temperature than at 120 °C (Figure 5.3). High initial benzaldehyde
concentrations resulted in higher addition product concentrations at short reaction times, similar to
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those detected at 120 °C. The low concentrations of the aldol addition product (<0.03 M) observed
throughout the progress of the reaction indicate that this product is present at pseudo-steady-state
concentrations.

5.3.5.2. Reaction pathway analysis with 3-pentanone
The direct precursor for the formation of the fission products is debated to be one among
addition product, primary condensation product and secondary condensation product in the
literature. In this section, a first-rank Delplot analysis was conducted to deduce the precursor for
the formation of fission products. The purpose of the Delplot analysis is to elucidate the generation
of reaction products. Primary products are the ones directly forming from the reactant and the
secondary products form from the primary products. In the Delplot, products with non-zero
intercepts are primary, and products with zero intercepts are secondary [132]. Figure 5.5 shows
first-rank Delplots for the fission and condensation products at 120 °C. The condensation and
fission products showed zero intercept, signifying that they are secondary products in the reaction
between benzaldehyde and 3-pentanone. Also, the concentrations of both these products increase
with conversion implying that they form via parallel secondary pathways. Both condensation and
fission product selectivities reached a plateau after increasing benzaldehyde conversion indicating
that these are stable reaction products.
Furthermore, condensation product selectivity increased with increasing initial benzaldehyde
concentration as seen from the higher curvature for the 2.0 M as compared to 0.5 M reaction mixture.
A concomitant decrease in fission product selectivity was observed with benzaldehyde conversion and
the initial concentration of benzaldehyde as seen from Figure 5.5b, with highest selectivity for fission
being observed at lower initial benzaldehyde concentration of 0.5 M.
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Condensation product selectivity increased with benzaldehyde concentration from 0.5 – 2.0 M. On
the contrary, the fission product selectivity decreased as the initial benzaldehyde concentration
increased. This result suggests that at higher initial benzaldehyde concentrations, condensation
pathway is favored over the fission pathway.
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Figure 5.5. Dependence of selectivities of a) condensation product b) fission product
on benzaldehyde conversion using PrSO3H/MCM-41 at various initial
concentrations of benzaldehyde. Reaction conditions: Excess 3-pentanone, varied
concentation of benzaldehyde, 0.1 M hexadecane (internal standard); 110 oC, and
catalyst mass 20 mg.

5.3.5.3. Kinetic modeling and parameter estimation
The reaction network in Scheme 5.5 was used to develop a quantitative kinetic model to ensure
that the network is consistent with all of the experimental data and faithfully captures the trends
observed during aldol condensation of 3-pentanone and benzaldehyde. This network can be
represented by three individual reactions shown below.

3-Pentanone + Benzaldehyde → Addition

(5.1)

Addition → Condensation + H 2O

(5.2)

Addition → Fission + C3H 7 COOH

(5.3)
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The concentration of 3-pentanone was not included in the rate equations since it was present
in large excess and did not change appreciably during the reaction. The numerical values for the
rate constants and reaction orders for the individual reaction steps were obtained by fitting the
experimental product concentrations to the model Equations (5.4) – (5.6).

dCBen
O1
= −k1CBen
dt

(5.4)

dCCondn
O2
= k 2CAddn
dt

(5.5)

dCFissn
O3
= k3CAddn
dt

(5.6)

Cben, Ccondn, and Cfissn are the benzaldehyde, condensation and fission product concentrations
respectively. k1, k2, and k3 correspond to the rate constants and O1, O2 and O3 are the reaction orders.
At all the reaction conditions studied, the intermediate aldol addition product was present at
pseudo-steady-state concentrations as seen from Figure 5.3 and 5.4. Hence, a steady state
approximation was applied to the addition product rate as shown in the Equation (5.7).
dCAddn
= 0; CAddn  CBen + CCondn + CFissn
dt

(5.7)

After applying the pseudo-steady-state approximation on the addition product the rate
expression for condensation and fission product formation can be written as:

dCCondn
O2
= k 2CBen
dt

(5.9)

dCFissn
O3
= k3CBen
(5.10)
dt
The concentrations of the three species involved in the rate expressions shown above served
as the response variables to the model. DDAPLUS solver in Athena visual studio was used to
simultaneously solve the set of ordinary differential equations shown above and perform parameter
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estimation to obtain the values of the rate constants and reaction orders at a given temperature. The
objective function for minimization was the summation of squared relative error between the
calculated and experimental species concentrations (Equation (5.11)), where, j is the number of
discrete reaction times at any temperature.
 C j ,i ,model − C j ,i ,exp 
SSRE =  

j i =1  (C j ,i ,model + C j ,i ,exp ) / 2 



2

3

(5.11)

A t-test was used for the individual significance of the parameters. An isothermal regression
was performed using the experimental data obtained from individual batch reactions conducted at
the reaction temperatures of 110, 120, 130, 140 and 150 ◦C. The estimated rate constants and
reaction orders are shown in Table 5.3. It is clear from Table 5.3 that the rate constants for all
pathways increased with temperature as expected.
Table 5.3. Rate constants and reaction orders for the 3-pentanone reaction network
Rate constant

Reaction order

Temperature
( ◦C)

k1

k2

k3

O1

O2

O3

110

1.06E-03

4.96E-04

1.35E-04

1.19

1.02

0.68

120

1.83E-03

1.83E-03

1.83E-03

1.36

0.95

0.88

130

2.99E-03

9.42E-04

6.12E-04

0.79

0.78

0.72

140

3.78E-03

1.29E-03

1.53E-03

1.09

0.90

0.99

150

5.16E-03

2.05E-03

2.52E-03

1.02

0.93

0.93

At all temperatures examined except 150 ◦C, the condensation pathway’s rate constant k2 is
higher than the fission product pathway’s rate constant k3. This trend reverses at 150 ◦C implying
that higher temperatures favor the fission pathway over the condensation pathway. Up to 130 ◦C,
the order of the condensation pathway, O2 is higher than the order of the fission pathway implying
the higher number of reaction steps involved in the fission pathway. The higher order of the fission
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pathway observed beyond 140 ◦C might suggest a change in the mechanism at higher temperatures.
Figure 5.6 shows the parity plot of the experimental and model-calculated concentrations for all
species at all conditions. The data are scattered on both sides of the diagonal line, indicating the
absence of systematic errors in the data fitting. The model accurately described the trends for
experimentally obtained concentrations consistent with the hypothesis of parallel reaction
pathways resulting in the formation of fission and condensation products.
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Figure 5.6. Parity plot between experimental and model predicted
concentrations.
The kinetic analysis reported for 3-pentanone has implications for controlling the
chemoselectivity in aldol reactions towards the fission pathway. The estimated rate constants were
used to calculate the activation energies for the different pathways. A higher activation energy was
noted for the fission pathway than the condensation pathway in Table 5.5. This feature in the
reaction network means that increasing the reaction temperature would increase the rate of fission
products more than it would increase the rate of condensation products which is evident in Figure
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5.3c and 5.3d, where the highest concentration of fission product was achieved at the highest
temperature examined (150 ◦C).
In order to understand the influence of the catalyst concentration on the reaction pathways,
kinetic data was collected at two different catalyst concentrations and the rate laws were modified
according to the Equation (5.12) - (5.14) shown below:

dCBen
O1
= −k1CBen
 Cat O4
dt

(5.12)

dCCondn
O2
= k2CBen
 Cat O5
dt

(5.13)

dCFissn
O3
= k3CBen
 Cat O6
dt

(5.14)

Figure 5.7 shows the calculated (solid lines) and experimental (discrete points) concentrations
for benzaldehyde, condensation and fission products. The experimental concentrations data was
collected from spectroscopic analysis of the liquid phase composition using ReactIR 15 from
reaction time of 50 min to 375 min following the procedure described in Chapter 4, Section 4.2.1.
The parameters in Table 5.4 were used to calculate the concentrations of the reactant and products
from the model. The model accurately describes the trends in the data and estimates the
concentrations of the reactant and products. An increase in the product concentration is observed
with an increase in the catalyst amount for both fission and condensation products. However, the
condensation product concentration increased to a greater extent than that of the fission product.
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Figure 5.7 Effect of catalyst amount and time on concentrations of a) benzaldehyde
b) condensation product c) fission product d) comparison of the product selectivity
trends observed at high conversion with different catalyst amounts. Reaction
conditions: Excess 3-pentanone, varied concentration of benzaldehyde, 0.1 M
hexadecane (internal standard); 140 ◦C, catalyst mass 20 mg and 40 mg.
The product selectivities compared near complete conversion of benzaldehyde for the two different
catalyst amounts (Figure 5.7b) suggest that an increase in the catalyst amount used in the reaction
resulted in an increase in condensation product selectivity with a concomitant decrease in the fission
product selectivity. This behavior is clearly captured in the estimated reaction orders with respect to
the catalyst concentration (Table 5.4), with the order being higher for the condensation pathway than
the fission pathway.
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Table 5.4. Reaction orders for the model represented in Equation (5.12) - (5.14)
Reaction order w.r.t
Pathway
Benzaldehyde

Catalyst

Ben→Addn

1.34 ±0.14

1.00 ± 0.08

Addn→Condn

1.15 ±0.18

1.04 ± 0.09

Addn→Fissn

0.99 ±0.21

0.79 ± 0.11

5.3.5.4. Arrhenius analysis for activation energies and preexponential factors
The rate constants obtained from the kinetic model were used to determine activation energies
and preexponential factors using Arrhenius analysis (Figure 5.8). The rate constants at each
temperature were fit to the linearized form of the Arrhenius Equation to get Ai and Ea,i.
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Figure 5.8. Arrhenius plot for 3-pentanone reaction network with
PrSO3H/MCM-41 between 110 ◦C and 150 ◦C. Reaction conditions: Excess 3pentanone, 1 M benzaldehyde, 0.1 M hexadecane (internal standard) and catalyst
mass 20 mg.
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The constant linear slopes obtained for all the three species in the Arrhenius plot shown in
Figure 5.8 suggest that the reaction is in the kinetic regime with no changes to the mechanism
within the reaction temperature regime of 110 – 150 ◦C that was used for the analysis. The
disappearance of benzaldehyde has a slightly higher activation energy of 52.7 kJ/mol compared to
the formation of condensation product which is 47.1 kJ/mol. The activation energy for the
formation of fission product is 100.3 kJ/mol which explains the lower selectivity towards fission
at lower reaction temperatures with this catalyst (Figure 5.3d and 5.9b). Table 5.5 gives the
Arrhenius parameters for the 3-pentanone reaction network and the preexponential factors
calculated for the different reaction steps at 150 °C.
Table 5.5. Arrhenius parameters for the 3-pentanone reaction network shown in
Scheme 5.5
Pathway

Ea (kJ mol-1)

Ben→Addn

52.7

A150 ◦C
1.70 x 104

Addn→Condn

47.1

1.35 x 103

Addn→Fissn

100.4

6.30 x 109

5.3.5.5. Effect of temperature on product selectivity: Eyring analysis
Eyring analysis was performed in order to investigate the effect of reaction temperature on
chemoselectivity. An analysis of the logarithmic values of chemoselectivity as a function of
reciprocal temperature resulted in a linear relationship according to the modified Eyring Equation
(5.15).

 kfission  −G   S    H  
ln 
=
=
−

RT
 R   RT 
 kcondensation 
where ΔΔG is the difference in free energy barrier and is given by:

109

(5.15)

G = Gfission − Gcondensation

(5.16)

S  and H  correspond to the entropy and enthalpy difference between the formation of
fission and condensation products respectively. ln(kfission/kcondensation) is the natural logarithm of
chemoselectivity, and kfission and kcondensation are the overall rate constants of the reactions leading
to the fission and condensation products respectively. According to the modified Eyring Equation,
the slope corresponds to the difference in the overall activation enthalpies and the intercept
represents the difference in the overall activation entropies. A positive value of the intercept in the
plot of ln(kfission/kcondensation) in Figure 5.9 suggests that the entropy change of activation for fission
pathway is higher than that of the condensation pathway. The enthalpy and entropy change
associated with each of the fission and condensation pathways is given by the Eyring Equation
(5.20).
k=

kBT
K
h

G
−
k T
k= B
 e RT
h
( H
−
k T
k= B
e
h

 k h
ln 
 kB  T

(5.17)
†

(5.18)
†

−T S
RT


−H
R =
T


†

)

(5.19)
†

+ S

†

(5.20)

Where T = temperature (K), kB = Boltzmann constant (1.38 x 10-23 J K-1), h = Planck constant
(6.63 x 10-34 J s), K = equilibrium constant, k = rate constant, R= universal gas constant (8.314
J/mol K), H † and S † are the enthalpy and entropy of activation respectively.

110

(a)
Intercept = 17.42, Slope = -7234.94

3
2

ln(kFissn/kCondn)

1
0
-1
-2
-3
-4
-5
0.00231

0.00242

0.00254

0.00268

1/T (K)

100

Conversion and
Product selectivities (%)

(b)

80
60
40
20
0
PrSO₃H/MCM-41 PrSO₃H/MCM-41 PrSO₃H/MCM-41 PrSO₃H/MCM-41
100 °C
120 °C
140 °C
160 °C
Benzaldehyde Conversion

Addition A

Condensation A

Fission

Figure 5.9. a) Eyring plot for the chemoselective aldol reaction of benzaldehyde and
3-pentanone, b) comparison of product selectivity trends at similar conversions at
the same temperatures used for the Eyring analysis.
The lower entropy of activation for condensation product formation compared to fission product
as shown in Table 5.6 suggests a highly ordered transition state for the dehydration pathway.
According to the Eyring Equation (Equation 5.15), the entropy gain results in a decrease in ∆G
more effectively as the reaction temperature increases. This relatively high decrease in ∆G for the
fission product at higher temperature compared to the condensation product may explain the
increasing fission product selectivity trend with increase in temperature. A negative slope in the
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Eyring plot suggests that the enthalpy of activation for the fission reaction is higher than the
condensation which is also reflected in the activation energies calculated from Arrhenius analysis.
The selectivity trend suggests that the reaction goes from being enthalpy controlled at low
temperatures to entropy driven at higher temperatures.
Table 5.6. Comparison of Ea, H † , S † and rate constants at 130 ◦C for the reaction
network of 3-pentanone shown in Scheme 5.5
(kJ mol-1)
49.4

S †
(J mol-1 K-1)
-174

k130 ◦C

k150 ◦C

2.99 x 10-3

5.16 x 10-3

47.1

43.7

-196

9.42 x 10-4

2.05 x 10-3

100.4

97.1

-67

6.12 x 10-4

2.52 x 10-3

Ben → Addn

Ea
(kJ mol-1)
52.7

Addn → Condn
Addn → Fissn

Pathway

H

†

5.3.6. Effect of zeolite framework activity and fission product selectivity
Brønsted acid zeolites with varying void sizes and framework structure were investigated to
elucidate the aldol reaction pathways. Figure 5.10 depicts the catalytic performance of zeolites of
different frameworks including MOR, Y, BEA and MFI. The expected product of the aldol
condensation reaction in the presence of Brønsted acid sites is the branched condensation product
(Condensation A) as seen with PrSO3H/SBA-15 and benzenesulfonic acid, in Chapter 2, Figure
2.1, but the yield of this product was low for all the four Brønsted acidic zeolyte catalysts used in
the present study as shown in Figure 5.10. The linear product selectivity increased with decreasing
pore limiting diameter. The dehydration step was suppressed with both HMOR and HY and hence
increased fission product selectivity was observed. A similar trend was observed with HBEA and
HZSM 5 where the branched aldol dehydration was suppressed resulting in the formation of linear
aldol via retroaldolization and recondensation to form the linear aldol which then dehydrates to
form the linear aldol at the expense of the branched aldol undergoing fission pathway.
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Figure 5.10. Comparison of activity and product selectivities with different zeolite
frameworks. Reaction conditions: Excess butanone, 1 M benzaldehyde, 0.1 M
hexadecane (internal standard); 140 oC, and ratio of benzaldehyde to aluminum
sites was 250:1.
The lower selectivity towards the branched condensation product observed with the zeolite
catalysts shown in Figure 5.10 may be explained if the dehydration proceeds via E2 mechanism
where a simultaneous cleavage of the Cα−O and Cβ−H bonds forms the C—C double bond and
water. An E2 pathway can only occur when the adjacent C−H bond and the hydroxyl group have
a ∼180° dihedral angle as shown in Scheme 5.6.

Scheme 5.3. E2 Dehydration pathway for the branched aldol addition product
formed in the aldol condensation of benzaldehyde and 3-pentanone
The antiperiplanar orientation of the protonated hydroxyl group and the adjacent β-H is of
critical importance for the dehydration via a concerted E2 elimination step. For the linear aldol
with two hydrogen atoms on the β carbon, the dehydration is likely to proceed more readily than
for the branched aldol with only one hydrogen atom.
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In order to investigate the dehydration mechanism, 3-pentanone was chosen as the substrate
for aldol reaction. This substrate can only form the branched aldol where the dehydration via E2
mechanism is restricted because of the dihedral orientation requirement. A high fission product
selectivity (>86%) observed with the three zeolite frameworks as seen in Figure 5.11 indeed
confirms that the dehydration of the branched aldol is suppressed, and fission products are formed

Conversion & product
Selectivities (%)

at its expense.
100
80
60
40
20
0
HBEA
Benzaldehyde Conversion
Condensation

HMOR
Fission
Addition

HY

Figure 5.11. Comparison of product selectivities with different zeolite frameworks.
Reaction conditions: Excess 3-pentanone, 1 M benzaldehyde, 0.1 M hexadecane
(internal standard); 140 oC, and ratio of benzaldehyde to aluminum sites was 250:1.
The similar selectivities shown by HBEA, HMOR and HY towards the fission pathway
indicate that the fission pathway proceeds independently of the local void environment around
protons in these catalyst samples.

5.3.7. Effect of zeolite Y proton density on chemoselectivity
The effect of HY zeolite proton density on product selectivities in the aldol reaction of 3pentanone and benzaldehyde is shown in Figure 5.12. These HY catalysts contain different ratios
of protons and non-framework Al sites [18] and yet resulted in similar selectivities for fission and
condensation products suggesting that the same type of site is responsible (Brønsted acid sites) for
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catalyzing the fission pathway and that the fission product formation is independent of the presence
of non-framework Al species that may act as Lewis acids.

Conversion and product
selectivities (%)

100
80
60
40
20
0
HY (Si/Al = 15)

HY (Si/Al = 30)

Benzaldehyde Conversion

Addition

Condensation

Fission

HY (Si/Al = 40)

Figure 5.12. Comparison of activity and product selectivities trends with Zeolite Y of
different proton densities. Reaction conditions: Excess 3-pentanone, 1 M
benzaldehyde, 0.1 M hexadecane (internal standard); 140 oC, and ratio of
benzaldehyde to aluminum sites was 250:1, reaction time 15 h.

5.3.8. Effect of ketone substrate
The different product selectivities obtained by varying the ketone substrates and catalysts in
the aldol reaction with benzaldehyde are shown in Table 5.7. Selectivity towards the fission
products increased with methyl substitution in the α-position of the ketone functional group owing
to the hindered dehydration of the aldol due to the antiperiplanar orientation required for the E2
elimination mechanism. The choice of the catalysts influenced the selectivity toward the fission
product in the order HY (40) > Amberlyst 36 > PrSO3H/MCM-41 > phosphoric acid >
benzenesulfonic acid with all the ketone substrates tested suggesting that the E2 character increases
with spatial constraints. Zeolite pores seemed to induce maximum constraint on the dehydration
pathway and resulted in the highest selectivity towards fission products.
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Table 5.7. Effect of varying the ketone substrate and the catalysts on product
selectivities
#

Catalyst

Ketone

2-butanone*

Condensation

Secondary
condensation

56

2.5

27

68.5

2

2

HY (40)

44

1.1

42

55.9

1

60

0.5

23

75.5

1

72

0

4

92

4

PrSO3H/MCM41
Benzene-sulfonic
acid

5

Phosphoric acid

45

0

17

81

2

6

Amberlyst 36

60.2

0.7

85.1

13

1.2

7

HY (40)

51.2

6.7

88.7

4.6

0

45

9.4

54

36

0.6

65

0

0.8

95.2

4

8
9

PrSO3H/MCM41
Benzene-sulfonic
acid

10

Phosphoric acid

52.4

0

14.4

84.6

1

11

Amberlyst 36

49.2

0

61

24

15

12

HY (40)

70.7

0

61.3

36.6

2.1

58.6

0

57

41.6

1.4

53.8

0

1.2

76.5

22.3

13
14

2,4 dimethyl3-pentanone

Fission

Amberlyst 36

4

Cyclopentanone

Addition

1

3

3-pentanone

Product Selectivities (%)

Benzaldehyde
conversion (%)

PrSO3H/MCM41
Benzene-sulfonic
acid

15

Phosphoric acid

67.2

0

5.1

76.7

18.2

16

Amberlyst 36

62.1

13.5

69.8

0

16.7

17

HY (40)

56.8

16.4

80.9

0

2.7

69.9

9.5

89.0

0

1.5

77.9

17.1

80.8

0

2.1

4.5

95.5

0

0

18
19
20

PrSO3H/MCM41
Benzene-sulfonic
acid
Phosphoric acid

58.9
◦

Reaction conditions: Excess ketone, 1 M benzaldehyde, 140 C, benzaldehyde conversion was varied by adjusting
the catalyst amount and reaction time. *the linear and branched pathways selectivities are lumped in the reported
condensation and addition product selectivities with 2-butanone.

Cyclopentanone resulted in the highest selectivity towards secondary products amongst all the
ketones compared in Table 5.7. This result may be ascribed to the higher acidity of the α-
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hydrogens. A maximum fission product selectivity of 95% is observed with 2,4 dimethyl-3pentanone substrate and phosphoric acid catalyst.
5.4. Conclusions
The reaction network of a cross aldol condensation of benzaldehyde with several aliphatic
ketones was elucidated and the parameters directing chemoselectivity were investigated by varying
the reaction conditions, the ketone substrate and the catalyst void environment. Investigation with
various ketone substrates revealed that more substituted ketones preferentially underwent fission
pathway. In comparison with benzenesulfonic acid, the stronger phosphoric acid catalyst gave a
higher fission product selectivity, at the expense of condensation products. This result indicates
that the acid strength of the catalyst affects the transition states of the fission and the condensation
pathways differently. Using 2,4-dimethyl-3-pentanone which has only one H in the α-position,
eliminates the possibility for the dehydration pathway upon reaction with benzaldehyde. The
resulting high fission products yields (~80%) observed in the reaction at near complete conversion
suggest that fission products directly originate from the aldol addition product. The Delplot
analysis performed with 3-pentanone also confirmed this result and showed that the fission and
condensation pathways occurred in parallel and formed from the aldol addition intermediate
present in pseudo-steady state concentrations under the reaction conditions investigated. A kinetic
model based on the proposed reaction network accurately describes the trends in the experimental
data and estimated the reaction orders and rate constants of the different pathways. Arrhenius
analysis showed that the activation energy for fission pathway is almost twice that of the
condensation pathway which explains the increased selectivity towards fission products at higher
reaction temperatures with sulfonic acid functionalized MCM-41 catalyst. The Eyring analysis
showed that the ∆S for the fission pathway is greater than that of the condensation pathway which
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indicates a highly ordered transition state for the dehydration pathway consistent with an E2
mechanism for the dehydration step.
Product selectivities seen with different zeolite frameworks and both 2-butanone and 3pentanone substrates indicate that the branched aldol dehydration is suppressed according to E2
elimination due to lack of antiperiplanar orientation necessary for dehydration which resulted in
the fission product formation at the expense of the condensation product. The similar product
selectivities observed with zeolites of varying proton site and nature indicate that only the Brønsted
acid sites are responsible for catalyzing the fission pathway.
In conclusion, aldol condensation and fission selectivity can be controlled by a combination of
catalyst pore architecture, acid strength, initial aldehyde concentration, catalyst amount and
reaction temperature.
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CHAPTER 6
6. CONCLUSIONS AND OUTLOOK
6.1. Conclusions
In this dissertation, the control of regio- and chemoselectivity was investigated with several
families of catalysts in liquid phase batch reactions to explore the effect of materials properties
and process conditions. The nature of the active site (strong/weak, Brønsted/Lewis, acid/base),
porosity (micro/meso), and hydrophobicity were systematically varied.
The effect of tuning the nature of the site and the site environment on regioselectivity in the
cross-aldol reaction between 2-butanone and benzaldehyde was investigated. 2-Butanone can
principally react at either the more substituted methylene (-CH2-) carbon or the less substituted
methyl (-CH3) carbon to give either branched or linear addition and condensation products. There
is also a side reaction that competes with dehydration of the intermediate aldol to the condensation
product. This side reaction is termed fission and results in the formation of an olefin and a
carboxylic acid. Various catalyst families investigated resulted in distinct product selectivities. All
strong soluble or solid acids, including benzenesulfonic acid, propyl sulfonic-acid (PrSO3H)
functionalized SBA-15 materials and sulfonic-acid resins, yielded predominantly the branched
condensation product. This behavior is consistent with fast dehydration catalyzed by the strong
acid, and, consequently, regioselectivity is determined by the preferred formation of the branched
aldol. Hydrophobicity imparted to the catalyst surface through octyl co-functionalization of the
sulfonic acid functionalized SBA-15 was shown to suppress the fission pathway and enhanced the
regioselectivity towards the branched product. The product distribution observed with metalsubstituted BEA zeotypes is characterized by a switch in the regioselectivity from the branched
product in the addition step to the linear product in the condensation step. This interesting trend
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was rationalized by considering the first two steps (i.e., tautomerization and addition) to be in
equilibrium and the dehydration to be rate-limiting. Furthermore, the activity scaled with the
Brønsted basicity of the oxygen atom attached to the metal. It can thus be concluded that the
catalytically active site that was responsible for the selectivity is not the Lewis acidic metal, but
the oxygen attached to the metal in the framework.
The general applicability of amine-functionalized silicas to control regioselectivity was
demonstrated in the aldol reaction between butanone and a variety of benzaldehyde derivatives.
Hammett analysis was used as a tool to probe the cooperative interactions between the substrates
adsorbed on the amine functional group and the adjacent surface silanol groups in these catalysts.
An improvement in regioselectivity towards the linear product was observed from the Hammett
analysis with increasing electron withdrawing nature of the substituent on benzaldehyde. This
result is in line with the enhanced regioselectivity observed with solid primary amine catalyst due
to a cooperative interaction as compared to its soluble analog.
A surprising shift of selectivity towards the fission pathway to β-methyl styrene and acetic acid
was observed with solid acid catalysts under diffusion limitation. To the best of our knowledge,
diffusion limitations have not been explored as a means to control selectivity in aldol reactions
which is a unique advantage with heterogenous catalysts. This dissertation provides the first
account of this pathway in the aldol reaction of benzaldehyde and 2-butanone. Improvement in
chemoselectivity towards fission in the diffusion-limited regime can be explained with a Wheeler
type ll selectivity scenario, where the rate of the higher order reaction decreases significantly more
than that of the lower order reaction. To confirm the applicability of this scenario to the aldol
reaction network, a kinetic model was developed to estimate the reaction orders using the
experimental data obtained in the kinetic regime. Indeed, a higher reaction order was estimated by
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the model for the dehydration pathway than the fission pathway thus confirming that the diffusion
limitations can certainly be used to tune the chemoselectivity in aldol reactions. A higher activation
energy noted for the fission pathway compared to the dehydration pathway from Arrhenius
analysis explains the increased fission selectivity at higher reaction temperatures with a sulfonic
acid functionalized MCM-41 catalyst.
The findings of this dissertation demonstrate that both regio- and chemoselectivity in solidcatalyzed aldol reactions can be directed by tuning surface functionality (Brønsted/Lewis,
acid/base), catalyst pore architecture (spatial constraints), and reaction conditions (temperature,
initial concentration of the aldehyde, and the catalysts).
6.2. Suggested future directions
The reaction conditions and material(s) properties for optimizing the regio- and
chemoselectivity in the aldol reactions were investigated in this dissertation. It was demonstrated
that regioselectivity is diagnostic of the rate-determining step and that chemoselectivity is
diagnostic of the nature of sites and spatial constraints. The substrates used in this dissertation
were limited to aromatic aldehydes without an α-hydrogen. However, with aliphatic aldehyde one
might expect self-condensation which could influence the selectivity preference of the catalysts.
Specific topics for future research aimed at gaining insights into tuning solid catalysts for
controlling the selectivity in aldol reactions are discussed in the following sections.

6.2.1. Substrate scope
The substrate scope can be expanded to investigate the regioselectivity and chemoselectivity
with the catalysts developed in this work. The amine-functionalized silicas were evaluated with
different benzaldehyde derivatives in the aldol condensation with 2-butanone in Chapter 3 and
were demonstrated to be robust catalysts for controlling the regioselectivity. Similarly,
121

chemoselectivity towards the fission pathway was optimized for different ketones with methyl
groups in the α position, where the dehydration of the aldols is not spontaneous in the aldol reaction
with benzaldehyde. These studies can be expanded to include aliphatic aldehydes which can also
undergo self-condensation and the symmetrical ketone substrates where the dehydration can be
spontaneous to test the broad validity of the design principles and the robustness of the catalysts
and the optimized conditions developed in this work.

6.2.2. Ion-exchanged zeolites for regioselectivity
Preliminary results with ion-exchanged zeolites synthesized by exchanging the protons in the
BEA framework with K+ and Cs+ ions resulted in higher selectivity towards the linear condensation
product and complete suppression of the fission pathway. Ion-exchanged zeolites have been
reported to exhibit high hydrothermal stability while preserving their crystallinity unlike most
heterogeneous catalysts [133]. These catalysts provide the additional advantage of being
completely regenerable by calcination. Investigating different metal cations in various zeolite
frameworks can provide insights into tuning regioselectivity towards the linear product.

6.2.3. Microkinetic modeling
A power law kinetic model developed for the aldol reaction of benzaldehyde and 3-pentanone
provided reliable quantitative predictions within the experimental conditions used to determine its
parameters in Chapter 5. The fractional orders obtained for the three major pathways observed in
the reaction network suggest that these reactions are non-elementary in nature and indicate the
presence of a complex reaction network with multiple steps within each of those individual
pathways. One of the topics for future research could include the development of a microkinetic
model to elucidate the reaction mechanism. Microkinetic modeling, involves the formulation of a
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set of elementary reactions that are relevant for the overall chemical transformation including the
rate equations for the adsorption and desorption of the species in the reaction network on the
catalytic sites along with the rate equation for the surface reactions. The micro kinetic modeling
could provide additional insight into the reaction mechanism, such as predicting data outside the
experimental conditions that were studied in this work and identifying rate-determining steps for
future catalyst development and optimization of the reaction conditions to tune product selectivity.

6.2.4. Computational modeling
The precursor to the fission products and the reaction conditions for optimizing the fission
pathway selectivity have been identified in this work. However, the mechanism of this pathway
needs further investigation. A theoretical investigation into the mechanism of the fission pathway
can be performed with 2,4-dimethyl-3-pentanone substrate where fission is the only possible
pathway. Density functional theory (DFT) calculations can be performed to compare the relative
energies of the different transition states or intermediates involved in the rate-limiting step,
resulting from the various mechanisms including the one proposed in this work to deduce the
plausible mechanism. These results can then be extended to the other substrates such as 3pentanone where dehydration is also possible to elucidate and support the findings in this work on
how the reaction conditions may influence the rate-determining step and hence the
chemoselectivity.
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6.2.5. Enantioselectivity
Control of enantioselectivity in aldol reactions has thus far only been explored with
homogeneous catalysis. Recent advances in computational techniques enabled the rational design
of enantiopure organic structure directing agents. Enantioenriched porous polycrystalline zeolites
have been synthesized using the calculated structures of the OSDAs and demonstrated
enantioselectivity for the ring opening reaction of epoxides [134]. One of the topics for future
research could include probing enantioselectivite control in aldol reactions with these catalysts.
The aldol reaction between 2-butanone and benzaldehyde can serve as the test reaction for
investigating the enantioselectivity as this reaction produces two stereogenic carbon atoms in the
pathway A and one stereogenic center in pathway B, thus resulting in six stereoisomers consisting
of three sets of enantiomers as shown in Scheme 6.1

Scheme 6.1. Stereoisomers of branched and linear aldol additions products formed in
the aldol reaction of benzaldehyde and 2-butanone.
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APPENDIX A
Calculations and reproducibility of catalytic data
The benzaldehyde conversion, product selectivity, turnover frequency, and carbon balance are
calculated using the following equations where n is the number of moles and indices i, f, and p
mean initial, final and product:
n
− nBenzaldehyde,f
Benzaldehyde conversion (%) =  Benzaldehyde,i

nBenzaldehyde,i


np
Product yieldp (%) = 
n
 Benzaldehyde,i

np
Product selectivity p (%) = 
  np
 Pr oducts


  100


Turnover frequency product (h−1 ) =

(A1)

(A2)


  100




 nf ,Benzaldehyde +  np
Pr oducts
C balance (%) = 

n
i ,Benzaldehyde


Turnover frequency Benzaldehyde (h−1 ) =


  100


(A3)


  100




nbenzaldehyde,i − nbenzaldehyde ,f
time  nactive sites
nproduct
time  nactive sites

(A4)

(A5)

(A6)

The reproducibility of the catalytic experiments with the pore-expanded SBA-15 series is
represented in Figure A1. The errors in the conversion and product selectivities are less than 4%
which is consistent with the other catalyst families tested in this work.
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Figure A1. Effect of increasing mesopore diameter and decreasing
micropore volume on product selectivity for aldol condensation over
PrSO3H/SBA-15. Reaction conditions: 3 M butanone, 1 M benzaldehyde, 0.1
M hexadecane (internal standard); 140 °C, and ratio of benzaldehyde to acid
sites of 517:1. Reaction time 8 h. Error bars represent one standard
deviation above and below mean obtained from three repetitions of the same
test.

126

APPENDIX B
Application of Weisz-Prater criterion
The Weisz-Prater criterion used to examine the presence of transport limitations within the
porous catalyst particles was calculated using Equation (B1) below.

 w-p =

R 2 1 dnv
1
Deff c dt

(B1)

Where  w-p is the Weisz-Prater parameter, R is the characteristic length (radius for a spherical
particle), in cm, c is the concentration of the reactant at the surface of the catalyst, in mol liter-1 ,
Deff is the effective diffusivity of the reactant, in cm2 s-1 and

dnv
is the reaction rate obtained per
dt

unit volume of the solid catalyst, which is given as

dnv  1
=
dt  Vcatalyst

 dn

 dt

(B2)

Substituting Equation (B2) in Equation (B1), one obtains
 w-p

R2 1  1
=

Deff c  Vcatalyst

 w-p =

 dn

 dt

(B3)

R 2 1  1  dn


Deff c  m  v p  dt

(B4)

Where m is the mass, and v p is the specific pore volume of the catalyst. In order to apply the
W-P criterion to the reaction system, the effective diffusivity of the reactant in the catalyst system
needs to be determined while the other parameters can be measured. For the liquid phase reactions,
the effective diffusivity in the W-P criterion will depend not only on the textural properties of the
catalyst particles but also on the physical properties of the solvent used. The effective diffusivity
was calculated using the Equation derived by Ternan [135], shown in Equation (B5)
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Deff = Db

=

(1 −  )2
1+ P

rmolecule
rpore

(B5)

(B6)

Where  is the Knudsen number defined in Equation (B6), Db is the bulk diffusivity of the
solute, and P is the fitting parameter. The fitting parameter was calculated by Ternan [135] for
various catalyst systems with a wide range of pore sizes by fitting Equation (B5) to experimental
data. Because diffusivity data for the catalysts used in this investigation are not available, the value
of P was adopted from Ternan’s work, selecting catalysts of similar structure. A fitting parameter
(P) of 16.26 was calculated in his report for the data by Satterfield et al. [136] for catalysts with a
mean pore radius of less than 3.2 nm, and this value was used here for zeolites, Sn-BEA and
micropores of SBA-15. A P value of 11.04, reported for a catalyst with average pore diameter from
4.9 to 15.4 nm was used for SBA-15 mesopores and a P value of 2.02 reported for macroporous
materials was used for Amberlyst 36. A benzosuberone molecular radius (σ) of 8 Å, as estimated
using Equation (B7) below, according to Bird et al., [137] was used to calculate  with Equation
(B6).
1

 T 3
 = 2.44  c 
 pc 

(B7)

Where Tc is the critical temperature in K and pc is the critical pressure in atm. These values for
benzosuberone were obtained from NIST/TRC Web Thermo Tables (WTT). [138]
The average pore size for SBA-15 is estimated using the micropore specific surface area, and
the micropore volume as shown in Equation (B8) below:
V 
rp = 2  
S 

(B8)
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Where V and S are the micropore volume and surface area respectively.
The correlation proposed by King et al. [139] was used to estimate the bulk diffusivity of
dilute solute in any given solvent as shown in Equation (B9).
1

D12b

1

vap 2
6
−15 T  V2   L2 
= 4.4  10
  

2  V1   Lvap
1 

(B9)

Where T is the system temperature, in K, i is the Viscosity, in Pa-s, Vi is the molar volume
at the normal boiling point, in m3 kmol-1 and Livap is the enthalpy of vaporization at the normal
boiling point, in J kmol-1. The subscripts 1 and 2 correspond to the solute and the solvent
respectively.
The thermophysical properties of the solvent required for the calculation of bulk diffusivity in
Equation (B9) were obtained from NIST/TRC Web Thermo Tables (WTT) [138] and are listed in
Table B1.
Table B1. Physical properties of the solvents [138]
Solvent

1

Vi at Tb1
Livap at Tb1
(m3 k-1 mol-1) (J k-1 mol-1)

Viscosity
at 373 K
(Pa s)

Tb1
(K)

xwater
(mol mol-1)

Db
(cm2 s-1)
2.32E-06

2-butanone

0.10

3.13E+07

1.88E-04

352

0.48

Toluene

0.12

3.32E+07

2.69E-04

383

0.06

2.10E-06

Tb: Normal boiling point. 2 xwater: solubility of water in the solvent at 140 oC. [140]

A sample calculation of the WP criterion for benzosuberone in 2-butanone with Amberlyst 36
at 140 oC is as follows,




(3.0×10 cm)
1
1
mol

 8.99×10-7
Φw-p =
= 97  1
2
mol 
s

-3
-3 L 
-6 cm  0.66
50×10 g × 0.2×10
 1.17×10

L 
g 
s 

-2

2
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A value of Φ w-p greater than 1 indicates the presence of severe intraparticle pore diffusional
resistance during the aldol condensation under these reaction conditions.
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APPENDIX C
Quantitative analysis of in-situ ATR FTIR spectral data
A quantitative univariate model was created using the iC QuantTM module by adapting the
procedure described by Müller et al. [141]. Several calibration standards with different
concentrations of benzaldehyde were prepared by running the reaction for different intervals of
time. To generate each calibration standard, the reaction was conducted at 140 oC with 1 M
benzaldehyde, 0.1 M hexadecane (internal standard), excess 2-butanone and 50 mg Amberlyst and
the spectrum of the reaction mixture was recorded every minute using IC-IR software. The spectra
of the reaction standards collected at the end of the reaction served as the inputs to the model. Six
of these seventeen spectra used for the model creation are shown in Figure C1.
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Figure C1. FTIR Spectra of the reaction standards with various benzaldehyde
concentrations.
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The reaction mixture was analyzed using GC-FID to obtain the absolute concentration of
benzaldehyde after separation of the catalyst. The spectra were imported to the iC Quant software
and a calibration model was generated using the collected spectra and the corresponding
concentration as determined by offline GC-FID. The predicted model was also tested for accuracy
via cross validation using the reaction standard with benzaldehyde concentration of 0.75 M
indicated in red in Figure C2a. The generated calibration model verified via cross validation was
tested in three additional experiments as shown in Figure C2b. The concentration measured using
the GC-FID technique at the end of these experiments denoted as “Measured” 1, 2 and 3 in Figure
C2b, proves that the model could successfully predict the concentration.

Figure C2. (a) Cross validated iC Quant calibration model with the predicted and
measured benzaldehyde concentration values. (b) Prediction of the conversion in
real time by applying the model in (a) to three additional experiments. The solid
symbols in (b) correspond to the measured GC-FID concentrations.
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